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Transmission electron microscopy and Monte Carlo simulations of ordering
in Au-Cu clusters produced in a laser vaporization source
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Au-Cu bimetallic alloy clusters are produced in a laser vaporization source starting from Au-Cu alloy targets
with different stoichiometric compositions. The clusters are deposited on two different substrates—amorphous
carbon and crystalline MgO—and are characterized by electron diffraction and high-resolution electron mi-
croscopy. The experiments show that the overall chemical composition in the clusters is the same as the
chemical composition of the target material; but the crystal structure of the Au-Cu alloy clusters differs from
their known bulk crystal structure. Electron microscopy experiments provide evidence that no chemical order-
ing exists between Au and Cu atoms and that the clusters are solid solutions. Monte Carlo simulations using
the second moment tight-binding approximation, however, predict Cu3Au clusters ordered in the core but with
a disordered mantle. The possible origins of the differences between experiment and Monte Carlo simulations
are discussed.
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I. INTRODUCTION

In the past years, material research mainly focused
bulk materials and their surfaces in order to understand
to model their behavior under different external conditio
Recently a lot of attention, both from theoretical and fro
applied point of view, is devoted to clusters deposited o
surface. Deposited clusters are building blocks for nanost
tures and nanostructured materials. To obtain insight in
physical properties of such nanosystems, it is necessar
understand the physical and chemical properties of in
vidual clusters.

Various techniques can be applied to study the structu
electronic, and other properties of clusters which can di
strongly from the properties of the corresponding bulk ma
rial. The most reliable results are obtained by a combina
of experimental and theoretical techniques. In most of th
studies the tools needed to model cluster systems a
atomic scale are tested and adapted to predict the prope
of bulk materials and, in the best cases, of their surfac
Therefore the extent to which predictions made by mode
are valid is unclear and a systematic comparison with exp
ment is necessary.

In a previous investigation,1 we studied Au clusters de
posited by low-energy cluster beam deposition~LECBD! on
amorphous carbon and MgO surfaces by high-resolu
electron microscopy~HREM! in combination with molecular
dynamics~MD!. For clusters deposited on MgO, lattice dil
tions through the different cluster layers were measured. T
behavior was modeled with MD and detailed studies show
that the relaxation of the cluster was closely correlated to
cluster morphology and the interaction with the surface
which the cluster was deposited. Other experimental te
0163-1829/2001/63~16!/165406~10!/$20.00 63 1654
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niques, e.g., low-energy ion scattering~LEIS! ~Ref. 2! or
x-ray photoemission spectroscopy~XPS!,3 are frequently
used in combination with Monte Carlo~MC! simulations to
study, e.g., segregation effects and alloying behavior in
metallic cluster systems.

Many bimetallic systems, interesting for catalysis r
search, have already been studied: Pd-Pt clusters with di
ent chemical compositions,2,4,5 clusters of Au-Ni,3 Pd-Au,6,7

and Pd-Cu.8,9 Clusters of the first three materials—which a
immiscible in bulk quantities—were produced by laser v
porization and deposited by LECBD. The nonequilibriu
conditions which govern the cluster formation in the sou
allow the synthesis of two immiscible metallic compound
impossible to obtain by conventional techniques. In all
these cluster materials, segregation takes place. For P
clusters the formation of a Pd rich surface is reported, and
Au-Ni and Pd-Au clusters there is a phase separation
tween the surface and the volume induced by a surface
segregation.

The crystal structure of PdCu and PdCu3 clusters is de-
pendent on the annealing temperature.8,9 Annealing between
300 and 400 °C produces PdCu particles with a fcc struct
After annealing at 450 °C, they adopt the orderedL10 struc-
ture. Particles of PdCu3 are reported to have the orderedL12
phase. TheL10 phase and theL12 phase are the ordere
crystal structures for bulk PdCu and PdCu3, respectively.
Comparable results were also obtained for Pd-Cu clust
synthesized by different methods~see references in Ref. 8!.

Another well-studied bimetallic cluster system is AuC
The alloying behavior and the diffusion of Cu in Au cluste
as function of temperature is described in Ref. 10. The r
of the cluster size is discussed as well.11–13All these studies
are carried out by transmission electron microscopy~TEM!.
©2001 The American Physical Society06-1
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It is found that at room temperature Cu atoms can quic
dissolve into 4-nm-sized Au clusters to form a homog
neously mixed alloy. At reduced temperatures, a two-ph
structure is formed in which a pure Au core is surrounded
a solid solution of Au and Cu. Not only temperature but a
the size of the clusters has an effect on the alloying behav
4-nm-sized Au clusters on which Cu atoms were evapora
at 300 K are forming homogeneously mixed Au-Cu all
clusters by a rapid dissolution of the Cu atoms. For 10-n
sized Au clusters, this rapid dissolution only takes place i
shell-shaped region close to the surface of the cluster;
core is still pure Au. For larger clusters~around 30 nm! no
dissolution takes place. After annealing, the larger Cu3Au
clusters~20 and 9 nm! adapt the orderedL12 structure, while
the 4-nm clusters still form a homogeneously mixed so
solution. In Ref. 12 this behavior was explained by a low
ing of the order-disorder transition temperature (Tc).

Since we found that HREM was successful in charac
izing low-energy-deposited pure Au clusters which prop
ties could be simultaneously studied by atomic scale mo
ing, it is worthwhile to extend this combined investigation
the case of Au-Cu deposited clusters. This paper deals
the crystal structure and chemical composition of differ
Au-Cu alloy clusters prepared by laser vaporization start
from different Au-Cu alloy targets. The clusters are dep
ited by LECBD on amorphous carbon and MgO cubes. N
only the matching between experiment and MC modeling
discussed, also the discrepancies between experiment
theory are pointed out and will be discussed.

There are several reasons why the Au-Cu bimetallic s
tem was chosen. One reason is that bulk Cu12xAux alloys are
well known. Three stable phases are identified at room t
perature. The structure isL12 for x around 0.25 andx around
0.75; in the vicinity ofx50.5 the structure isL10. The phase
at x 5 0.25 is characterized by a first-order order-disord
transition temperatureTc5663 K. Since this temperature ca
be reached without any experimental difficulty, this pha
transition is observed by means of several techniques. It
stimulated the interest of atomic scale modeling and
combination of both the experimental and modeling a
proach. However, the antisite energy inL12 Cu12xAux al-
loys is particularly high and, even at elevated temperatu
site exchanges are unlikely events. Therefore MD samp
is inadequate and the MC atomic scale methods are
ferred.

Available cohesion models turned out to be accur
enough to allow reasonable predictions of the order-diso
phase transition temperature of Cu3Au. The wetting of the
ordered phase by a disordered phase at antiphase and
boundaries was evidenced by TEM at a temperature be
Tc .14 MC simulations successfully reproduced this wetti
phenomenon.15 The relaxation of the atomic positions in th
vicinity of a S55 ~210! @100# tilt boundary was evidenced
and measured by HREM; it was also studied in detail
MD.16 Beyond relaxation, the order at the same interface w
thoroughly studied by MC sampling as a function
temperature.17 This modeling study was extended to surfac
and compared to experiment.18

Another reason for this investigation is that althou
16540
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Au-Cu alloy clusters have been studied before, the prod
tion methods in these cases were very different.10–13 In our
case Au-Cu clusters are produced as a whole in the sou
outside thermodynamic equilibrium, and afterwards dep
ited with low energy on different surfaces—amorphous c
bon and crystalline MgO cubes—at the same time.

The paper is structured as follows: Sec. II describes
experimental techniques; in Sec. II A the cluster product
and deposition is explained and in Sec. II B the electron
croscopy techniques are presented. Section III contains
overview of the techniques to model the Au-Cu system, S
IV a discussion of the results, and in Sec. V the conclusi
are presented.

II. EXPERIMENTS

A. Production and deposition of clusters

The binary clusters are fabricated in a laser vaporizat
cluster source. The source and its operation are describe
full detail in Ref. 19. Briefly, pulsed laser vaporization
used to create a plume of atoms, dimers, and small clus
while simultaneously He carrier gas under high pressur
pulsed into the source chamber. The vaporized material t
merges with the carrier gas. This mixture stays in the wait
room for a short period after which it expands supersonica
through a nozzle into the vacuum. During this process
atoms condense into clusters. The cluster beam productio
repeated at a frequency of 10 Hz. Characteristic for laser
porization cluster sources is that the metal vapor
quenched, producing a cold beam of clusters with a temp
ture lower than 300 K and a cluster kinetic energy bel
1 eV/atom. This makes the clusters suited for LECBD.20–22

The clusters have not yet reached their equilibrium size
shape. Therefore no magic numbers are observed in the m
spectrum.

Several procedures can be followed for the production
binary metal clusters, e.g., simultaneous vaporization of
ferent metal targets by different laser pulses allows prod
tion of clusters with adjustable composition, even for m
tures that are not readily available as bulk metals~see Ref. 19
and references therein!. Here we opted for a different ap
proach: bulk alloys were used as target material. Three
ferent compositions of Au and Cu were employed: Cu
at. %-Au (Au3Cu), Cu 50 at. %-Au~CuAu!, and Cu 75
at. %-Au (Cu3Au). The cluster production, i.e., the size di
tribution, abundances, and yield, crucially depends on v
ous experimental parameters. An ablation laser energy
approximately 25 mJ per laser pulse and a He gas pressu
about 8.5 bars were used. In the experiments presented
the clusters, neutrals as well as ions, were deposited as
pared directly from the frozen metal vapor.

Both the cluster size distribution and the chemical co
position of the clusters were analyzed in flight with
reflectron-type time-of-flight mass spectrometer. The clus
size distribution for the present study was very analogou
the one presented in our earlier study on Au clusters,1 and
typically ranged from the monomer up to clusters with se
eral hundreds of atoms. From the mass spectra the chem
purity and information on the relative Au and Cu content
6-2
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TRANSMISSION ELECTRON MICROSCOPY AND MONTE . . . PHYSICAL REVIEW B 63 165406
the clusters was deduced. For all clusters sizes that still c
be resolved, chemical contaminations were limited to
single H or O atom.23 A quantitative characterization of th
relative Au and Cu content in individual cluster sizes w
however, only possible for very small clusters, because
mass of a Cu trimer nearly equals the mass of a Au atom.
clusters containing less than ten atoms, however, the
target composition was fully reflected in the mass spec
This, and similar observations for laser vaporization prod
tion of other binary clusters from alloy samples,2–5 made us
confident that the alloy composition will to a high degree
reflected in the cluster composition.

For the sample preparation a microscope grid cove
with amorphous carbon on which MgO cubes are deposi
is placed on the substrate holder in the cluster source col
ing the Au-Cu clusters. Details on the preparation of
MgO cubes on the amorphous carbon are given in Ref
The clusters are deposited on the substrate with low co
age, allowing the individual deposited clusters to be dis
guished. After deposition the sample is transferred to
transmission electron microscope. Both the Au-Cu al
clusters simultaneously deposited on the MgO and the am
phous carbon are studied by electron diffraction~ED! and
HREM.

B. Transmission electron microscopy

Diffraction experiments are performed with a Philip
CM20 microscope~200 keV!. Diffraction patterns are taken
from 1-mm2 areas of clusters on an amorphous carbon s
port. Because the orientation of the clusters is random,
patterns result. Rotational averages of the diffraction patte
for the different Au-Cu alloy clusters are calculated. The
averages are taken around the central beam. The outpu
one-dimensional line scan where the diffraction lines are
ible. Also weaker lines induced by an eventual ordering
the Au-Cu alloys would become more apparent.

Diffraction only gives average information about the clu
ters but local information in real space can only be obtain
by HREM of the individual clusters. It is already pointed o
in Ref. 1 that the clusters deposited on amorphous carbo
crystalline MgO, do not coagulate and individual clusters
observed. HREM images are obtained with a JEOL 4000
microscope with a point resolution of 1.7 Å , and are carr
out at low electron beam irradiation density~17 pA/cm2) to
avoid structural changes and reorientations. For HREM
entation of the clusters always has to be along a low in
zone axis such as@100# or @011#. If there is a chemical
ordering of Au and Cu atoms, this will be visible on th
HREM images and also on the fast Fourier transforms~FFT!
of these images, where reflections due to the ordering
appear. Prior to the FFT’s, a Gaussian mask is put over
HREM images to cover the borders of the cluster. Inform
tion about the structure of the cluster will be better visib
because information from the borders and the amorph
carbon will be filtered away.

The diffraction signal of the crystalline MgO is muc
higher than the signal from the deposited clusters and th
fore no clear diffraction patterns of clusters deposited on
16540
ld
a

,
e
or
lk
a.
-

d
d,
ct-
e
1.
r-
-
e
y
r-

p-
g

ns
e
s a
-

n

-
d

or
e
X
d

i-
x

ill
e
-

us

e-
e

MgO cubes can be obtained. Information about the order
of Au-Cu alloy clusters deposited on MgO is exclusive
obtained by HREM. Because of the epitaxial relation b
tween the MgO substrate and the Au-Cu alloy clusters, i
easy to orient the MgO cubes along a low index zone a
and to image both at high magnification.

Simulations of HREM images are obtained using theEMS

program24 running on a DEC alpha XP 1000 Workstatio
The clusters are placed in a square supercell of 4.5 nm in
x and y directions perpendicular to the zone axis which
taken as thez direction. Care is taken that the supercell
large enough so that no influence of its borders is introdu
on the image. The supercell is divided in thez direction in
slices of 1.5 Å thickness. First, the electron wave function
the model is calculated with a multislice dynamical calcu
tion. The sampling in thex and y direction is always 512
pixels in each direction, which gives a precision of 8
31022 Å between two neighboring pixels. Second, t
HREM images are calculated using the electron wave fu
tion and the microscope parameters~spherical aberration
constantCs51 mm, defocal spreadD f 58.0 nm, semicon-
vergence anglea50.55 mrad! as input.

Diffraction patterns of pure Au clusters and differe
Au-Cu alloy clusters deposited on amorphous carbon
shown in Fig. 1. As inset in every diffraction pattern, the lin
plot obtained by rotational averaging is shown. All rings c
be indexed on a fcc lattice. A number of clusters, prefera
in a ^011& orientation, are imaged and studied. The avera
size of the clusters ranges from 1.0 to 4.5 nm. Figure 2~a!
shows an image of a CuAu cluster deposited on amorph
carbon: it has the morphology of a cubo-octahedron. Fig
2~b! is the corresponding FFT. Also decahedral clusters
frequently observed; along@011# their fivefold symmetry is
clearly reflected. Besides clusters with these two morpho
gies, which are easily recognized, also clusters with no s
cial morphology are observed. Very often they are twinn

To study the morphology of the clusters deposited
MgO, different projections of the cluster perpendicular to t
interface cluster/substrate are presented. Figures 3~a! and~c!
show two different cross-section images of Cu3Au clusters
deposited on MgO: Fig. 3~a! is a cluster in â 011& orienta-
tion while the cluster depicted in~c! is oriented along the
^001& zone axis. Figure 3~b! is the FFT of the cluster shown
in Fig. 3~a!.

III. MONTE CARLO MODELING

A. Method

First we want to predict the properties of free small clu
ters and second we want to study the effects which an in
facial distortion, resulting from a lattice mismatch, may i
duce. The experimentally observed clusters are mo
truncated octahedra, for which modeling is straightforwa
The composition, however, is not accurately known nor
spatial distribution of Cu and Au.

Ordering and segregation are studied at the atomic s
by Metropolis Monte Carlo~see, e.g., Ref. 25!. This method
was recently employed to study structural and thermo
6-3
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FIG. 1. Diffraction patterns of Au~a!, Au3Cu ~b!, CuAu ~c!, and Cu3Au ~d! clusters deposited on amorphous carbon. The rotatio
averages of each diffraction pattern are shown as an inset.
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namic properties of Ni12xAl x clusters as function ofx.26 In
the presented work a similar scheme will be used.

We employ the MC method in the so-called ‘‘modifie
grand-canonical ensemble with transmutation
(DmNPT).27 In this approach the total number of the pa
ticles (N5NAu1NCu), temperature (T), pressure (P), and
chemical potentials difference (Dm5mAu2mCu) are fixed.
The partial number of each kind of atoms (NAu , NCu) may
be changed. The method includes trials on atomic mo
site exchanges, and chemical nature changes. A tria
structural and volume modifications of the unit cell is al
included. The details of the algorithm are given in Ref. 2

Acceptance is based on estimates of configuration en
differences. The cohesive energy of the systems is estim
16540
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on the basis of the second moment tight-bindi
approximation28 and is written as

Ei5
1

2 (
iÞ j

wab~r i j !2A(
iÞ j

Fab~r i j !. ~1!

In Eq. ~1!, a andb refer to the chemical nature of the inte
acting atoms. For the functionswab andFab , we adopt the
functional dependencies suggested for bulk materials in R
29. These functions are formed by cubic spline segme
limited by cutoffs bringing the resulting forces to a ran
slightly beyond the third neighbor distance. This model w
6-4
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TRANSMISSION ELECTRON MICROSCOPY AND MONTE . . . PHYSICAL REVIEW B 63 165406
found to predict a reasonable critical temperature for
first-order order-disorder phase transition in the Cu3Au bulk
phase.17

In addition, to model lattice distortions similar to thos
imposed by the MgO lattice on the clusters, an additio
harmonic potential is applied to the interfacial copper a
gold atoms. It is given as

Ui
H5

1

2
k~Dr i !

2, ~2!

where i is the atomic label andDr i is the distance betwee
atom i and the closest MgO expitaxial site. Like in Ref.
where MD was employed rather than MC, the constantk is
tuned to estimate the influence of the magnitude of the c
ter distortion on its properties.

B. Free clusters

The equilibrium composition and structure of a bina
alloy AxBy can be determined at constantN, P, T, andDm.
This was done for bulk Cu12xAux with x around 0.25 by
fixing Dm at several different values17 and using the MC
method to find the corresponding thermodynamic equi
rium state. The same procedure is used here for a trunc
octahedral cluster similar to that found experimentally, an
second one, which only differs from the first by an addition
atom layer on all sides. The former contains 454 atoms
the latter 786 atoms. A free spherical cluster containing 9
atoms is considered as well.

The Au concentrationx is estimated and represented
Fig. 4 at zero pressure and temperatureT5300 K as a func-

FIG. 2. HREM image of a CuAu cluster in the@011] orientation
deposited on amorphous carbon and its corresponding FFT:~a! The
cluster has the morphology of a cubo-octahedron;~b! fast Fourier
transform from~a!.
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tion of Dm5mAu2mCu. The results for the 786-atoms clus
ter are not displayed since they are similar to the others
distinction is made between the whole cluster, its core, an
mantle, which surrounds the core. Figure 4 provides sev
pieces of information about the whole clusters and th
cores. Considered as a whole, the clusters display no st
phase atx;0.25 and they look like a solid solution, wha
everx. On the other hand, the spatial distribution of Au is n
homogeneous. Indeed, when the overall composition co
sponds tox50.25, that is, whenDm520.475 eV, it is de-
duced from the data in Fig. 4 that the core is Au deficie
while the mantle is Au rich. In the mantle,x is a monotonous
function ofDm, while it displays a plateau value in the co
at x;0.23 for20.45 eV,Dm,20.35 eV. In other words, a
stable phase is evidenced in the core, which turns out to h
a L12 structure. The mantle, where the excess Au is loca
has a fcc~disordered! structure.

The cubicL12 structure can be described as a stacking
$100% planes: one formed half by Cu, half by Au and th
second formed only by Cu. Hence the concentration of
hCu, averaged over all second planes can be used as an
parameter. It is represented in Fig. 5 as a function of te
perature for the two octahedral clusters considered.
chemical potential difference is fixed atDm520.4 eV,
which corresponds to the middle of the plateau in Fig. 4.

In contrast with the first-order phase transition observ
in bulk Cu3Au and predicted with the same potential,17 order
in small clusters is a smoothly decreasing function of te
perature, which is the signature of a second-order phase
sition. The core is predicted to be fully ordered at 300
while full disorder (̂ hCu&50.75) is only reached at a tem
perature close to 600 K.

In the case of Cu3Au clusters deposited on amorphou
carbon, clusters are found to be disordered, even at low t
perature, when their diameter is smaller than 5 nm.13 The
diameter of our model free cluster is significantly smal
than this limit.

C. Strained clusters

One factor which may promote disorder is the interfac
stress and we therefore consider a distortion, as it might
cur when the cluster is deposited on a crystalline surface
lattice mismatch may induce a lattice distortion f
accommodation.1 This mismatch is particularly large at th
Cu3Au ~001!/MgO ~001! interface~11.7%!, and we now ex-
plore its consequence on the cluster structure and order
e

FIG. 3. Cu3Au clusters depos-
ited on crystalline MgO:~a! A
cluster in cross section in the
@011# orientation; with the corre-
sponding FFT shown in~b!; ~c!
Image of a cluster with the sam
morphology as in~a!, but now
viewed in the@001# orientation.
6-5
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A harmonic potential@Eq. ~2!# is added to each atom i
the interfacial Cu3Au plane, and monitored by the force co
stantk. This way, Cu and Au atoms are constrained tow
the MgO expitaxial sites and since the force constant i
parameter, the strength of this constraint can be tuned.

For the largestk value considered (k51.03105 J/m2) the
first neighbor distance in the interfacial plane of a pure
cluster will become 2.96 Å, similar to the equilibrium valu

FIG. 4. The concentration of Au in the whole cluster~a! and the
core~b! of the cluster vs chemical potential difference (T5300 K!.

FIG. 5. The average order-disorder parameter~the mean Cu
concentration over all second layers! vs the temperature in the cor
of free clusters of 454 atoms and 786 atoms.
16540
d
a

in MgO.1 This distance is only 2.73 Å in the Cu3Au cluster.
Whenk50 J/m2 ~free cluster!, the first neighbor distance in
the interfacial plane of the cluster is 2.59 Å while it is 2.64
in its core. The interfacial layer expansion is thus quite s
nificant ~between 5 and 6%!. An expansion results from the
harmonic constraint in the whole cluster, which is less th
0.5% in its core. This relaxation is at the limit of the prese
statistical uncertainties and it is not analyzed in further
tail.

To predict the occurrence of an ordered phase, the
concentration is evaluated as a function ofDm at 300 K in
the same cluster for different values ofk. The results are
shown fork50,0.53105 and 13105 J/m2 and they are dis-
played for comparison in Fig. 6. The results for the core a
the whole cluster are distinct. The effect of the interfa
distortion is clearly to decrease the stability of theL12 phase
in the core and no phase stability of the Cu3Au cluster ap-
pears when it is epitaxial to the MgO substrate. The seg
gation state in the mantle is not significantly affected.

The dependence of order on the interface distortion
shown in Fig. 7. The order parameter, averaged over
whole cluster or over the core, is displayed for the 454 ato
supported cluster at room temperature as a function ofk. The
order parameter measured for the whole cluster is a regu
decreasing function ofk. The consequence of Au segregatio
is that it decreases below its bulk Cu3Au values (̂ hCu&
50.75). The results in Fig. 7~b! show that in the core, orde
survives limited interfacial deformation. Full disorder in th
core is only reached fork values larger than 1.03105 J/m2,
that is, for an interfacial deformation larger than 5%. Hen
this MC modeling predicts the tendency for the cluster
fully disorder if accommodating epitaxially to the MgO su
strate.

IV. DISCUSSION

A. Morphology

A cluster is a physical system limited in three dimensio
characterized by a given morphology and a large surfac

FIG. 6. Au concentration~in the core and in the whole cluster!
vs chemical potential difference in the Cu12xAux 454 atoms cluster,
that is supported on MgO. The values of the elastic constant of
harmonic potentialk are varied from 0 to 1.03105 J/m2.
6-6
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volume ratio. This morphology as well as the surface to v
ume ratio play an important role in several properties s
as, e.g., the kinetics of heterogeneous catalysis. As is poi
out for elemental clusters, this morphology is dependent
the interaction between the cluster and the substrate.1 Figure
2~a! shows a cubo-octahedral cluster, viewed along the^011&
orientation. This morphology is often observed for clust
deposited on amorphous carbon. Also decahedral clus
aligned along the@011# zone axis, are frequently observe
Besides clusters with these two morphologies, which are
ily recognized, clusters with no special morphology are a
observed. Very often they are twinned.

The morphology of the Au-Cu alloy clusters deposited
MgO cubes is different from those of alloy clusters on am
phous carbon. The profile of Fig. 3~a! is limited by two
^112& directions and twô 011& directions, while the cluste
in a ^001& orientation@see Fig. 3~c!# is limited by two^011&
directions and four̂ 001& directions: two directions paralle
to the interface and twô001& directions perpendicular to th
interface. These side truncations of the cluster are only
ible when the cluster is aligned along a^001& zone axis
orientation. The observed profiles are characteristic for tr
cated half octahedral clusters. These shapes are confirme

FIG. 7. The average order-disorder parameter~the mean Cu
concentration over all second layers! vs the elastic constantk in the
cluster taken as a whole~a! and in the core~b! of the 454 atoms
supported cluster at room temperature.
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top view images, that provide projections of the cluste
along a^101& or a ^110& direction.

The morphologies found for alloy clusters deposited
LECBD on amorphous carbon and MgO, are similar to t
elemental ones synthesized by atomic evaporation30,31 and
LECBD.1 In the case of the Au clusters described in Ref.
the largest clusters on MgO have a truncated octahedral m
phology. Similarly to small Au clusters~see Fig. 8 in Ref. 1!,
the Au-Cu alloy clusters are predominantly truncated h
octahedra. The morphology of a cubo-octahedron is also
served in Ref. 4 for Pd-Pt clusters deposited on amorph
carbon.

All clusters deposited on MgO show the same epitax
relation: (001)MgO//(001)Au-Cu and @100#MgO//@100#Au-Cu.
This epitaxial relation was also observed in several ot
experiments1,31,32 on Au clusters and is considered as t
most stable one. Although the mismatch between the lat
parameters of the different Au-Cu alloy clusters and MgO
much higher than the mismatch between Au and MgO

FIG. 8. HREM image simulations of a Cu3Au cubo-octahedron
along the@011# zone axis and the corresponding FFT’s: three d
ferent models are used: Model I@image ~a! and FFT ~b!# is the
model calculated by MC, model II@image~c! and FFT~d!# is the
model where the core and the mantle of the cluster are orde
Model III @image~e! and FFT~f!# models a cluster, which is chemi
cally disordered in the mantle and the core.
6-7



la

a-
he
n
a-
c

s
.
n
at
tti
er
am

m
n

s-
a

ol
nd
of
ice

tl
a

la
ic

om
u

ia
ar
le
s
wa
f.

s
e
e
e
o

c

d

a
fo

s on
sts
ulk

hen

lso
era-

e,

ge
to
e
lly

the
ge
ter.
the
to
pos-
C

lt:
the
is-
osi-

e
lcu-
r
r

en
ter
r-
-
ark

red
ives

he

of
ll
wn
in

nd

B. PAUWELSet al. PHYSICAL REVIEW B 63 165406
11.7% for Cu3Au, 9.9% for CuAu, and 8.5% for Au3Cu
instead of 2.9% for Au and MgO—the same epitaxial re
tion is still observed.

B. Ordering

The phase diagram of Au-Cu is well known for bulk m
terials. Because of the clusters’ reduced dimensionality, t
phase diagrams, and thus phase stability, may be differe

Figure 1~a! shows the diffraction pattern of an agglomer
tion of pure Au clusters. This pattern can be indexed as fa
centered cubic~fcc! with a lattice parameter of 4.07 Å . Thi
matches perfectly with the bulk structure known for Au33

When comparing the diffraction patterns of the differe
Au-Cu alloys with the diffraction data of Au, it is seen th
always the same ring patterns are obtained. Only the la
parameter differs for all three materials. The Au-Cu clust
all have a face-centered cubic structure with a lattice par
eter of 3.87 Å (Au3Cu), 3.82 Å ~CuAu!, and 3.76 Å
(Cu3Au). For these three materials, no evidence for a che
cal ordering of Au and Cu atoms is found in the diffractio
data.

Comparing the diffraction data of the Au-Cu alloy clu
ters with their corresponding bulk material, it is seen th
their lattice parameters match. The crystal data of the s
solution Au-Cu bulk material matches well the results fou
for the Au-Cu alloy clusters: e.g., the bulk solid solution
AuCu has a lattice parameter of 3.872 Å while the latt
parameter of AuCu clusters is found to be 3.82 Å.

The lattice parameter of Au-Cu alloy clusters apparen
diminishes with increasing Cu content in the same way
the bulk material does. Since also the magnitude of the
tice parameters fits, it is therefore assumed that the chem
composition of the clusters corresponds to the chemical c
position of the target material in the source. We can th
state that with laser vaporization of an alloy target mater
clusters of the same overall chemical composition
formed. The fact that the overall concentration of both e
ments in the clusters, deposited by LECBD, correspond
the concentration of the elements of the target material
already observed in Refs. 2, 4, and 5 for Pd-Pt and in Re
for Au-Ni by means of EDX.

The cluster composition being known, we now addre
the question of order. Neither by HREM nor in the corr
sponding FFT’s is any evidence found for a chemical ord
ing between Au and Cu. None of the HREM images tak
from clusters—deposited on amorphous carbon or
MgO—of Au3Cu, CuAu, or Cu3Au @see Figs. 2~a! and 3~a!#
show any superstructure in the^200& or ^022& directions,
which should occur in case of chemical ordering.34 In the
FFT’s, the chemical ordering would give rise to extra refle
tions as, e.g., 100 and 011;̄ which are extinct in a fcc dif-
fraction pattern. These extra reflections are not observe
any of the FFT patterns@see, e.g., Fig. 2~b! for a CuAu
cluster deposited on amorphous carbon, or in Fig. 3~b! for a
Cu3Au cluster deposited on MgO#. All the FFT’s give evi-
dence of a regular̂011& face-centered-cubic crystal.

It can be concluded, both from diffraction data as well
from HREM images and their corresponding FFT’s, that
16540
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Au-Cu clusters deposited on amorphous carbon as well a
crystalline MgO, the crystal structure is fcc. This contra
with phase diagram predictions for the corresponding b
material. The same disorder in Cu3Au clusters deposited on
amorphous carbon is found even at low temperature, w
their diameter is smaller than 5 nm.13 The presently identified
Au3Cu crystal structure is also observed in Ref. 35. A
Pd-Cu clusters, deposited on MgO, and annealed at temp
tures between 300 and 400 °C are found to be fcc.8,9

MC predicts for free Cu3Au clusters that, seen as a whol
the cluster can be considered as disordered (^hCu&50.75)
but in the core the cluster is fully ordered~see Fig. 7 fork
50 J/m2). Hence the question: What does the HREM ima
reflect, an overall cluster information which, according
Fig. 7~a! is similar to disorder or information of the cor
which is predicted by MC as ordered? Maybe the chemica
ordered part is too small to contribute substantially to
image and the most important contribution to the ima
comes from the chemically disordered mantle of the clus
Another possible reason why the ordering is not seen in
HREM images could be that the cluster itself is too thin
induce the superstructure contrast. To investigate these
sibilities image simulations of the cluster calculated by M
~cluster model I! are made. Also two other models are bui
cluster model II was chemically ordered in the core and
mantle and cluster model III was completely chemically d
ordered. For these two cluster models, the same atom p
tions as for the cluster calculated by MC were used.

The resulting images, calculated at a focus of265 nm
~Scherzer focus at249 nm!, are presented in Fig. 8. Figur
8~a! is the simulated image of the cubo-octahedron as ca
lated by MC, Fig. 8~c! is the simulated image of cluste
model II, and Fig. 8~e! is the simulated image of cluste
model III. The corresponding FFT’s are given in Figs. 8~b!,
~d!, and ~f!, respectively. The difference in image betwe
the chemically ordered and chemically disordered clus
@Figs. 8~c! and 8~e!# is clearly seen along the indicated a
rows. In thê 200& and thê 022& directions, the ordered clus
ter gives an image contrast of alternating bright and d
lines. The bright lines in thê200& direction are marked by
arrows in Figs. 8~a! and 8~c!. This alternating bright-dark
contrast is not seen in the image of the chemically disorde
cubo-octahedron. In Fourier space, this extra contrast g
rise to the appearance of the reflections 100 and 011¯ ~ar-
rowed!, which are not present in the Fourier space of t
chemically disordered cluster, which shows an fcc^011& pat-
tern.

Comparing the simulated image of cluster model I@Fig.
8~a!# with the other two images, it is clear that the image
the modeled Cu3Au cubo-octahedron resembles very we
the image of the chemically ordered cubo-octahedron sho
in Fig. 8~c!. Also here the alternating bright-dark contrast
the two perpendicular directions^200& and ^022& is visible.
Also the Fourier patterns shown in Figs. 8~b! and 8~d! are
very alike: both display reflections at the positions 100 a
011̄. Image simulations at other defocus values~focus range
from 240 to 275 nm with steps of25 nm! are performed
and comparable results are obtained.
6-8
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All these image simulations indicate that the ordering
the Au and Cu atoms in the core of the cluster should
visible in HREM images and their FFT’s. The predicted se
regation of excess Au to the mantle of the cluster canno
resolved in HREM images. These results show that ther
still a fair difference between the experimental results a
the predictions obtained by MC.

The differences found between the experiments and
MC simulations can have several reasons. First of all
production and deposition processes are not taken into
count in the MC modeling. The fact that the clusters a
produced out of thermodynamic equilibrium may influen
the crystal structure. The size and the temperature of
clusters are also important parameters. Details of the inte
cial interaction are also not known. Finally, the cohes
model, designed for bulk systems may not be suited for s
tems as small as clusters.

We now discuss these possible reasons of diverge
When clusters are produced in the cluster source, the pla
formed by the laser vaporization of the target material,
rapidly cooled by the He gas pulse in the chamber. Furt
cooling is achieved through a supersonic expansion
vacuum. This quenching can cause solid solution cluster
be formed. The same behavior is found in bulk materi
which are heated and then quenched within a short time
compared to the evolution time to equilibrium. The ma
spectra do not exhibit magic numbers, which indicates t
the clusters are indeed formed out of equilibrium. It may
noticed, however, that, despite of the deviation from equi
rium, bimetallic clusters formed by elements which are n
miscible at a macroscopic scale, e.g., Au-Ni, Pd-Pt, or
Au, do not mix in the corresponding clusters.2–7

Another important step in the cluster production proce
which is also not accounted for in the MC modeling, is t
deposition on amorphous carbon or on crystalline Mg
Within the first few picoseconds of the impact, the clust
are heavily destroyed.36,37 The substrate structure and th
electron-phonon coupling govern the later evolution of
cluster. This heavy perturbation may induce atomic re
rangements, and thus enhance the separation between
miscible species as well as the mixing of miscible eleme
Besides these thermodynamic aspects, chemical interac
need to be considered. When the clusters are deposited
MgO surface, there is the possibility that some Cu atoms
form bonds with O atoms of the surface, which may infl
ence the crystal structure of the cluster. Similarly, when
clusters land on the amorphous carbon substrate, bond
between Cu and C atoms can form. The relation betw
such bond forming with strain and segregation is not know

Size effects are considered in Ref. 12. Cu3Au clusters of
different sizes are heated to 573 K and then slowly coo
down to room temperature. Afterwards, the crystal struct
and the chemical ordering of clusters with sizes of 4, 9, a
20 nm are studied. It is found that the 4-nm-sized clusters
fcc; no chemical ordering takes place during annealing.
the larger clusters, the orderedL12 phase is observed. Thi
means that the size of the cluster influences the crystal s
ture. In Ref. 12, this behavior was explained by a lowering
the order-disorder critical transition temperature because
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decreasing Debye temperature for small systems. For clus
of 4 nm, this transition temperature is suggested to beco
so low that the crystal structure becomes fcc instead ofL12.
With the present MC model, a first-order phase transition
indeed predicted for bulk materials.17 It is predicted here to
become a second-order transition for small systems~see Fig.
5!.

We now address the problems of the cohesion model.
atomic scale cohesion model is based on Eq.~1!, initially
established for bulk transition metals within the second m
ment tight-binding approximation.28 This approximation is
consistent with the Friedel theory for transition metals
which the cohesion energy scales with the filling of thed
band. In many circumstances, however, the functional
pendence in Eq.~1! is found to work well for other metals
provided a suitable parametrization is found. This is the c
of the Cu3Au bulk alloy for which macroscopic mechanica
and thermodynamic properties are well predicted. There
remains an open question, however: whether to which ex
a parametrization based on macroscopic properties is val
a nanoscale. As discussed in Ref. 26 and references the
quantum effects are not expected to be significant for s
tems of the size considered in this work. However, surfac
arrays and vortices induce a strong local decrease of coo
nance and subsequent electronic reconfiguration. When
surface to volume ratio is large, as is the case for clust
this reconfiguration may induce a change in electron hopp
integrals that contributes to the cohesion. This effect w
already suggested to enhance segregation in Pd bime
cluster systems.4,38 The present difference between observ
tion and MC predictions with Eq.~1! parametrized for bulk
Cu3Au suggests that the decrease of coordinance at the c
ter surface may also influence the ordering properties in
core.

V. CONCLUSIONS

Au-Cu alloy clusters were produced by a laser vapori
tion source with different compositions (Au3Cu, CuAu, and
Cu3Au) as target material. Afterwards, the clusters were
posited with low energy on amorphous carbon and crys
line MgO cubes. The deposited clusters were examined
electron diffraction and high-resolution electron microscop
It is found that the chemical composition of the clusters c
responds to the chemical composition of the target mate
Laser vaporization can therefore be considered as a reli
way to produce bimetallic clusters with a uniform compo
tion. Different cluster morphologies are found for differe
surfaces. On amorphous carbon, cubo-octahedra and de
dral clusters are often observed, also spherical clusters, o
twinned, are present. For the clusters deposited on M
only truncated half octahedral shapes are found.

From the electron-diffraction patterns as well as from t
HREM images, it can be concluded that clusters of Au3Cu,
CuAu, and Cu3Au all have a face-centered-cubic structur
This points to a chemical disorder between Cu and Au ato
in the bimetallic cluster; a solid solution is formed. The cry
tal structures for the Au-Cu alloy clusters are thus very d
6-9
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ferent from the crystal structures of the corresponding b
materials.

Monte Carlo simulations, using the second moment tig
binding approximation, are used to model ordering and s
regation in a Cu3Au cluster. It is found that the cluster con
tains an ordered core and that the excess Au atoms segr
to the mantle, which is found to be disordered. It is a
pointed out that a lattice distortion, e.g., due to a lattice m
match between cluster and substrate, can destroy the o
ing in the core.

Several possible reasons for the differences between
experimental observations and the simulation results w
discussed. To get more insight in the bimetallic cluster s
e

5

e

16540
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tem and to find the reason for disorder in the clusters, i
necessary to study different nanoalloys, produced in differ
ways and deposited on different substrates.
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