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Structural and order/disorder phase transitions in bimetallic Co50Pt50 nanoparticles induced by annealing
have been investigated combining in situ small and wide angle x-ray scattering methods. The support of Monte
Carlo simulations within a semiempirical tight-binding potential provides a realistic description of the CoPt
cluster structure in the size �1.5–3.5 nm� and temperature �300–900 K� ranges, in good correlation with the
experiments. If a coalescence process of as-grown noncrystalline icosahedral clusters �2 nm� induced by
annealing is detected at low temperature ��600 K�, higher temperatures ��700 K� are necessary to induce,
by internal atom rearrangement, the formation of decahedral structure followed by a transition to an fcc
structure. We demonstrate that the expected chemical ordering occurs only from particles of fcc structure. The
investigation of the chemical order/disorder transition of 3.5 nm-sized nanoparticles reveals a bistability state
around 900 K with a bimodal distribution corresponding to a coexistence of almost fully ordered nanocrystals
and fully disordered ones, also supported by theoretical calculations, suggesting a first-order transition in
clusters as in bulk alloys.
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I. INTRODUCTION

Bimetallic nanoparticles �NPs� have received consider-
able attention because, besides the size reduction effect, the
addition of a second metal provides a method to control their
properties and functionalities.1,2 In the field of magnetic re-
cording, most efforts have been concentrated on the increase
in magnetic storage density and consequently, size reduction
in magnetic building blocks, such as NPs.3 A promising way
is to design alloy clusters consisting of a combination of a 3d
metal with a high-spin moment �Fe, Co� and 4d or 5d metals
�such as Pd, Rh, or Pt� which induces a large orbital mag-
netic moment �via the strong spin-orbit coupling�. As a con-
sequence the magnetic anisotropy is enhanced4 and the clus-
ter magnetization stabilized against thermal fluctuation.
According to the bulk phase diagram,5 at the equiatomic
composition, a face centered tetragonal L10 ordered phase
can be obtained at low temperature, below the order/disorder
transition temperature while the face centered cubic �fcc� A1
chemically disordered phase is thermodynamically stable
above. In the case of nanoparticles, theoretical studies pre-
dicted that this critical temperature should decrease with the
particles size.6–8 However, experimental observations of the
L10 /A1 transition are difficult because as-synthesized FePt
or CoPt particles exhibit a chemically disordered structure.
Thus a postsynthesis annealing is necessary to provide the
needed atom mobility to transform the disordered phase to
the ordered equilibrium L10 one, keeping the temperature
below the order/disorder transition temperature of the con-
sidered clusters size. Consequently, most of the experimental
studies concentrate their efforts to optimize the synthesis
methods and the annealing processes in such a way that the

nanoparticles can order at relatively low temperature, with-
out increasing their size by coalescence or Ostwald ripening
mechanism.9,10 However, the main limitation to this optimi-
zation is the possibility to investigate in situ each step of the
annealing process to elucidate the mechanism of morpho-
logical and phase transitions at these sizes. The most con-
vincing experimental studies are performed ex situ postan-
nealing using high-resolution transmission electron
microscopy �TEM� where the NPs are embedded in a
matrix11 or epitaxially grown on an MgO�100� surface12 or
on an amorphous carbon film13 and sometimes covered by a
thin amorphous alumina film.14 Because of the influence of
different capping layers on the NPs facets or the kinetic his-
tory of the nanoparticles growth method, the as-grown
chemical and structural characteristics of these NPs shows a
substantial difference with respect to their equilibrium
counterparts.8,15 In addition, these works exhibit divergent
and sometimes, conflicting results mainly due to the influ-
ence of different preparation conditions. Here we propose an
in situ x-ray scattering investigation on weakly interacting
bare CoPt NPs in ultrahigh vacuum �UHV� in order to get a
quantitative description of the temperature and size effects
on their structure by minimizing the effect of their environ-
ment.

For most transition-metal free-capping NPs, experimental
observations revealed frequently a noncrystalline multit-
winned morphology �decahedron �Dh� fivefold twin or icosa-
hedron �Ih� twin� at small sizes13,16,17 because the surface
energy gain in forming only �111� facets supersedes the cost
of twin interfaces and internal strains18 in equilibrium condi-
tions. However, in situ analyses of CoPt NPs grown at room
temperature �RT� by vapor deposition reveal the icosahedral
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structure up to 3 nm in size19 whereas similar ex situ studies
at equivalent size11,13 reveal mainly a fcc structure �truncated
polyhedra�. In this case, environment effects or kinetic fac-
tors over the growth can extend the size range where such
structures are observed even if they are no more thermody-
namically stable. Furthermore, our previous results19 showed
the possible change from Ih to Dh structure by direct anneal-
ing at 770 K. We propose in this study to elucidate the role of
the NPs initial structure on the disorder/order transition,
knowing that the NPs noncrystallinity �Ih or Dh� is a limiting
factor to achieve a high degree of chemical order.8 Our aim
is to understand what are the necessary steps to achieve the
L10 nanosized phase from an Ih structure during annealing.
For this reason, in situ characterizations of CoPt clusters
evolution by synchrotron radiation scattering measurements
were performed step by step from the as-grown room tem-
perature to the ordering temperature. In addition, the support
of Monte Carlo simulations within a semiempirical tight-
binding �TB� potential provided an unambiguous identifica-
tion of the CoPt NPs structure and a strengthening of ob-
served transition mechanisms. We show how to take
advantage of the coalescence mechanisms to tune the nano-
particles crystallinity and to yield ordered structures, and re-
veal a thermodynamically bistability state of nanoparticles in
the order/disorder transition temperature range.

The paper is composed of six sections including the intro-
duction and the conclusion. The Sec. II is devoted to the
experimental methods, the Sec. III to the experimental re-
sults, the Sec. IV to the theoretical insights and the Sec. V to
the discussion.

II. EXPERIMENTAL METHODS

The equiatomic CoPt NPs are prepared in situ at RT by
vapor deposition on thermally oxidized Si�100� wafers cov-
ered by an amorphous carbon layer in ultraclean
environment.13 Nanoparticles surface can be considered as
free, apart the interface with the substrate. The composition
of the nanoparticles assembly is measured by an average
method, the Rutherford backscattering and a local method,
the energy dispersive x-ray spectroscopy, in order to check
the equiatomic balance �+−5%� between Co and Pt atoms.
This composition influences the degree of order which can
be achieved in the NPs and must be also a critical parameter
for the stability of different morphologies.20,21 After RT
preparation, the samples are in situ heated by electron beam
furnace in order to reach quickly �in 5 mn� the nominal re-
quested temperature which is stabilized at least during 1 h.
The sample temperature is calibrated by a thermocouple situ-
ated at the back of the sample and double checked with an
infrared pyrometer.19

Because the determination of the atomic structure at the
nanoscale is a complex problem, methods that can probe
local and average nanoparticles features as well as
nanometer-to micrometer-lengh scale, provide highly
complementary informations about their structure and mor-
phology and are much powerful when used together.22–24 In
situ grazing incidence small-angle x-ray scattering
�GISAXS� and grazing incidence x-ray diffraction �GIXD�

have been used simultaneously, during the annealing experi-
ments �from 300 to 900 K�, allowing the determination of the
structure at the atomic scale range �small angles� and at the
particle scale range �wide angles�, respectively. To confirm
the results, these investigations have been performed on two
different beamlines at ESRF �European Synchrotron Radia-
tion Facility, Grenoble, France�, ID03 and the french CRG
BM32 beamlines using an UHV setup to avoid any post-
deposition contamination.25,26 Due to the low quantities of
deposited metal, the x-ray grazing incidence angle has been
selected in order to reduce the scattering background from
amorphous substrate and simultaneously to maximize the
scattering contribution of metals. Combined simultaneous
GISAXS and GIXD patterns are recorded in a standard
framework used in grazing incidence geometry, detailed in
Fig. 1. The morphological analysis procedure is based on the
adjustement between the two-dimensional GISAXS patterns
with simulated scattering spectra obtained from a dedicated
code.28 The quantitative structural analysis is performed in
the similar way, facilitated by Monte Carlo simulations of
CoPt nanoalloys using a semiempirical tight-binding
potential.8 To validate the scattering results, ex situ TEM
measurements have been performed post in situ annealing
and also before annealing on equivalent samples.

III. IN SITU EXPERIMENTS

The as-grown particles exhibit a monodisperse size distri-
bution �D=1.9�0.5 nm� as displayed in the TEM micro-
graph in Fig. 2�a�. These results are in agreement with in situ
GISAXS measurements �Fig. 2�b�� used to quantify the NPs
diameter D and height H, and the correlation distance �, i.e.,

FIG. 1. �Color online� X-ray scattering measurements geometry.
The sample is irradiated by a monochromatic x-ray beam of 20 keV
at a fixed grazing incidence �i of 0.07 and the scattered intensity is
as a function of the out-of-plane angle � f with respect to the sub-
strate surface and of the in-plane angle �. The components of the
wave-vector transfer q=ki−kf, defined by the incident ki and the
scattered kf wave vectors are qx= �ki��cos � f cos �−cos �i�,
qy = �ki��cos � f sin �� and qz= �ki��sin � f +sin �i� in the laboratory
frame �Refs. 24 and 27�. Experimentally, the GISAXS intensity is
recorded on a two-dimensional detector, perpendicular to the x axis,
as a function of the in-plane qy and out-of-plane qz components.
The GIXD intensity is recorded on a zero-dimensional detector as a
function of the in-plane angle � whereas the out-of-plane � f angle is
fixed to the �i value.
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center to center distance between particles �the details of the
analysis procedure29 are described elsewhere�. The morpho-
logical results give D=1.9 nm and H=1.3 nm, with a rela-
tive geometrical standard deviation ��D� /D=0.3. In addi-
tion, the experimental diffraction �GIXD� pattern was
compared to calculated spectra for several parameterized
structural models �truncated octahedra �TOh� based on fcc
structure, Dh and Ih�, based on the Debye equation.29–31 As
shown in our previous study,19 the structure of RT as-grown
CoPt nanoparticles is in agreement with the icosahedral
chemically disordered model. Core-shell models were also
considered with a shell thickness of one monolayer as men-
tioned in the literature,15 and corresponding calculated spec-
tra exhibit no difference with respect to fully mixed models
in this size range. In addition, due to the weak metal-cluster/
carbon-substrate interactions, the NPs are randomly oriented
on the substrate without significant preferential crystallo-
graphic orientation.

Then, the sample has been heated step by step
�	T=30° –50°� from 300 to 900 K in UHV conditions
�10−10 mbar range� during the x-ray scattering data collec-
tion. Figure 3 shows a selected GIXD patterns set corre-
sponding to different ranges of annealing temperatures. Up
to 600 K, the diffraction patterns agrees with the Ih chemi-
cally disordered structure without size modification
�Fig. 3�a��. At higher temperatures �700 to 800 K�, the NPs
fit well with noncrystalline Dh model �with sizes around 3
nm�. Then, at 820 K �Fig. 3�c��, the best fit is obtained by
mixing Dh and TOh-fcc chemically disordered models
�around 50% each in atomic fraction� of around 3.5 nm in
diameter, i.e., around N=2000 atoms.

GISAXS patterns have been also recorded during the an-
nealing. Figure 4 reveals the evolution versus substrate tem-
perature of the NPs morphology through that one of three
characteristic lengths: the average interparticle distance �,
diameter D and height H, that was deduced from intensity
cross-sections evolutions. From the correlations between H
and D and between � and D, in Figs. 4�a� and 4�b�, respec-
tively, two stages can be distinguished in these evolutions
with a behavior change at 600–700 K. Below this tempera-
ture, the height is nearly constant while the diameter in-

creases. Above 700 K, the particles get rounded as H /D
evolves from 0.7 to 0.95. At the same time, the correlation
distance � value jumps from 4 to 6 nm �Fig. 4�b�� and re-
mains quasi constant until 900 K while the spacing disorder
parameter ���� /�, i.e., the standard deviation of the NPs
distance correlation function,24 increases from 0.3 to 0.5.

Below 820 K, the diffraction patterns are in agreement
with chemically disordered structures with an interatomic
distance of 0.266 nm, close to the A1 Co50Pt50 bulk value of
0.265 nm. Above this temperature, additional superlattice
peaks corresponding to alternate pure Co and pure Pt planes
in the close-packed CoPt structure, are detected �Fig. 3�d��.
These peaks are the signature that the chemical ordering
mechanism leading to the tetragonal L10 NPs formation be-
comes effective around 900 K. At this temperature, the size
and shape of NPs remain nearly unchanged �Fig. 4�b�� with
respect to those at 820 K. Thus, the ordering develops by
atomic rearrangement at constant particle size. The degree of
order can be evaluated thanks to an analysis of the diffraction
pattern. Commonly, the long-range order parameter32 �LRO�
is obtain from the ratio of superlattice-to-fundamental �001�/
�002� peak intensities in the L10 structure, taking into ac-
count atomic scattering factors and correction factors �setup
geometry, Debye-Waller�.33,34 A more convenient method is
to extract the radial distribution function from the wide-angle
scattering pattern35,36 but the overlapping between large
peaks due to the small size of particles and the short angle
range of data may induce an uncertainty on the structure
identification. It seems to us, the more accurate method is to
fit experimental data with simulated patterns of Monte Carlo
calculated ordered clusters corresponding to different LRO

FIG. 2. �Color online� �a� TEM micrograph and size distribution
histogram of as-grown CoPt NPs prepared at 300 K. �b� in situ
measured GISAXS pattern of the same sample, corresponding to
5
1015 atoms /cm2. The two cuts of the intensity, i.e., cross sec-
tions, in the qy and qz directions, selected in the lobe intensity
region �dash lines� are simultaneously fitted with the IsGisaxs code
�Ref. 28�.

FIG. 3. �Color online� Selected experimental and calculated
GIXD spectra using Monte Carlo relaxed CoPt clusters at increas-
ing annealing temperature: �a� 570 K with icosahedral �Ih� fit mod-
els �b� 700 with decahedral �Dh� fit models �c� 820 K with Dh and
TOh mixture fit models and �d� 900 K with TOh fit models. The
insets show the snapshots of different simulated clusters �Co and Pt
atoms are represented as light and dark spheres, respectively�. A
vertical dashed line corresponding to the fcc �111� line is given for
comparison.
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parameters �Fig. 5�. This gives us, at the same time, the
chemical order and structural nature of the annealed NPs.

IV. THEORETICAL INSIGHTS

The theoretical investigation of the structure, morphology,
and chemical ordering of CoPt NPs is performed by canoni-
cal Monte Carlo simulations, within the standard Metropolis
algorithm, using a semiempirical many-body potential. We
chose the TB second moment approximation �TB-SMA� po-
tential as described by Rosato, Guillopé, Legrand37 on pure
transition and noble metals and extended to their alloys by

Cleri and Rosato.38 In this approximation, the energy is writ-
ing in a simple analytical form with one attractive term com-
ing from the band structure in tight-binding theory where the
density of state is approximated by its second moment �band
width�:

En,i
b ��pm

j �� = −� 	
m

rnm�rc

	
j=A,B

pm
j �ij

2 e−2qij�rnm/rij
o −1� �1�

and is counterbalanced by a repulsive term of the Born-
Mayer type,

En,i
r ��pm

j �� = 	
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rnm�rc

	
j=A,B

pm
j Aije

−pij�rnm/rij
o −1�, �2�

where rnm is the distance between the atoms at sites n and m,
rii

o , i=A ,B, is the first-neighbor distance in the pure metal i,
rij

o = �rii
o +rjj

o � /2 if i� j, and rc is the cut-off distance for the
interactions between the second and third neighbors. �pm

j �
represents the chemical configuration of the system, in which
pm

j is the occupation number equal to 1 or 0 depending on
that the site m is occupied or not by an atom of chemical type
j , �j=A ,B� �for a binary alloy AB, pm

A =1− pm
B = pm�. The pa-

rameters �Aij , pij ,qij ,�ij� are fitted to different experimental
values and have been taken from the reference.8

The total energy of the system is then written as follows:

Etot��pn
i �� = 	

n
	

i=A,B
pn

i �En
i,b��pm

j �� + En
i,r��pm

j ��� . �3�

Such potential is equivalent to the embedded atom
method developed by Daw and Baskes39 and extended to the
metallic alloys by Foiles.40 We must keep in mind the limi-
tations of such energetical approach fitted on bulk properties.
They may be not transferable to surfaces or nanoparticles as
far as the surfaces and clusters display low-coordinated sites.
In particular, such potentials are known to underestimate the
surface energy but keeping most of the time a quantitative
good energy difference between the metals. This is the case
for the Co-Pt system where despite an underestimation of the
surface energy of each pure metal �see Table I�, their differ-
ence is reasonable as compared to experimental or ab initio
value, which is a good point in the description of the surface
segregation. As the difference in the surface energy is weak
�so that even the sign does not matter!�, the surface segrega-
tion will not be very strong as it is the case in the Cu-Ag
system 	�Ag-Cu

�100� =0.55 �J /m2�, for example, for which well-
defined core/shell structures are obtained.44–46 The second
important driving force for surface segregation is the chemi-
cal ordering or demixion tendency �which depends on the
bulk alloy phase diagram�. The demixion tendency favors the
core/shell structure by a phase separation process �which is
the case of Cu-Ag� whereas an ordering tendency leads to an
oscillating profile near the surface with the segregation of the
majoritary species. As we consider here nanoalloys at
equiconcentration, this effect will not have a strong influence
on the segregation. We checked that after the fit to the solu-
tion energies of a Co impurity in the Pt bulk and of a Pt
impurity in the Co bulk, the formation energies of the main

FIG. 4. �Color online� Evolution of morphological parameters
during annealing: correlation between �a� the height H or �b� the
distance between particles � and the diameter D during the tem-
perature increase �parameters extracted from GISAXS experimental
pattern, i.e., qz and qy cross sections�. The dashed lines correspond
to �a� an isotropic shape, i.e., an aspect ratio of 1 and �b� the limit of
minimum spacing between particles, i.e., a maximum coverage of
the substrate surface.

FIG. 5. �Color online� Plot of long-range order �LRO� parameter
of the 1289 atoms TOh and snapshots of quite fully ordered and
fully disordered clusters in the 900 K temperature range. The order-
disorder transition occurs around 950 K in the annealing process
�black points� and around 750 K in the cooling process �open blue
circles�.
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ordered phases �L10 and L12 �Ref. 5�� have the right value as
compared to the bulk phase diagram �see Table I�. The po-
tential underestimates the bulk critical temperature transition
from the L10 ordered phase to the A1 disordered phase by
about 200 K and overestimates the tetragonalisation �see
Table I�. The shift in temperature has to be taken into ac-
count when comparing to the experimental temperatures.
However, this semiempirical model succeeded to give a
quantitative decrease in the critical temperature of order dis-
order with cluster size.14 Finally, the third important driving
force to the surface segregation is the lattice misfit which
makes segregate the larger element. Our potential leads to
the surface terminaison by Pt in the L10 phase in good agree-
ment with the density-functional theory �DFT�
calculations15,41,47 �see Table I�.

The ab initio DFT calculations are of course much accu-
rate because not parametrized but still much time consuming.
For exemple, they have been used for relatively small
nanoalloys47 �less than 100 atoms� or for more extended
systems15 �about 600 atoms� but on a much more restricted
number of explored configurations whereas Monte Carlo
simulations coupled to a semiempirical potential cover a
much larger spectrum of structures in the configurations
space. So we still have to choose between a full statistic
sampling of the configurations space or an accurate calcula-
tion from the point of view of the electronic structure.

We first concentrate on the structural transition from non-
crystalline to crystalline structures at 0 K and at finite tem-
perature. Pure Pt and pure Co clusters undergo structural
transition at 0 K as a function of the cluster size from Ih to
fcc TOh going through the Dh structure.18 For Pt, Dh clusters
are stable between 75 �1 nm� and 5000 atoms �4.5 nm�. For
Co clusters, the transitions are shifted to higher sizes, respec-
tively, to 2 nm and 5–6 nm. The question still remains con-
cerning structural transition in CoPt clusters. A DFT study15

showed that ordered core/shell Ih and Dh are more favorable
than the L10 phase ordered fcc clusters up to 2.5 nm in size,
i.e., about 600 atoms. However, this study compared essen-

tially the fivefold symmetry structures �Ih, Dh� to the cuboc-
tahedron fcc morphology which is not the best optimized fcc
morphology. To minimize the surface energy and thus opti-
mize the fcc structure, the �100� facets have to be reduced to
the benefit of the �111� facets with lower energy. This leads
to the truncated TOh with a different number of atoms than
the Ih. Even the Dh can be optimize to give the Mackay
decahedron18 giving one more time a different number of
atoms. To overcome the difficulty to compare structures with
different atoms numbers, we use the normalized excess en-
ergy given by

	 = �Ecluster − NCoECo
coh − NPtEPt

coh�/N2/3, �4�

where Ni and Ei
coh are the number and cohesion energy of the

metal i.
To optimize the structures at 0 K, quenched molecular

dynamics are performed after the Monte Carlo simulations.
The Fig. 6�a� displays the relative energy of Ih and Dh as
referred to the TOh one at 0 K. We see clearly that the L10
orderedlike Dh is the more stable structure starting from
about 300 atoms up to about 700 atoms, then the ordered L10
TOh becomes the more stable one. At smaller sizes �less than
100 atoms�, ab initio DFT calculations47 confirmed the polyi-
cosahedral structures obtained by global optimization using
the same potential as the one used here.8

At finite temperature, NPs undergo an order-disorder tran-
sition �see Fig. 5� with a hysteresis which is a signature of a
first order transition as in the bulk alloy. This ordering could

TABLE I. Surface energy of pure Co and pure Pt and of Co or
Pt terminated L10. Formation energies of the A1, L10 and L12

phases of the Co-Pt system. c /a ratio in the tetragonal L10 phase.
�a� Ref. 41, �b� Ref. 42, and �c� Ref. 43, calculated with the same
method used in Ref. 41.

TB-SMA DFTa Expt.

�Co
�100� �J /m2� 1.165 2.110a 2.55b

�Pt
�100� �J /m2� 1.282 1.840a 2.48b

	�Pt-Co
�100� �J /m2� 0.117 −0.270 a −0.07 b

Co terminated �100�L10 �J /m2� 1.63

Pt terminated �100�L10 �J /m2� 0.96

	EA1 �eV/at.� −5.26 −5.16 c

	EL10 �eV/at.� −5.35 −5.374 c −5.33 c

	EL12 �eV/at.� −5.62 −5.63 c

c /a 0.93 0.98c 0.97c

aReference 41.
bReference 42.
cReference 43.

FIG. 6. �Color online� �a� Normalized excess energy �at 0 K� of
the different cluster models for icosahedra �Ih: 309, 561, 923, 1415,
and 2057 atoms, red triangles� and decahedra �Dh: 318, 434, 766,
1067, 1965, and 2802, blue squares� relatively to the one of trun-
cated octahedra �TOh: 201, 314, 405, 807, 1289, 2075, and 2951
atoms, zero line� versus the cluster size at equiconcentration. In
graphs �b� and �c� the same quantity 	 versus temperature is plotted
for the 405 atoms TOh �black points� and the 318 Dh �blue squares�
in graph �b� and for the 1289 atoms TOh �black points� and the
1067 atoms Dh �blue squares� in graph �c�.
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affect the relative energy of Dh and TOh structures when
comparing theoretical and experimental results. The Figs.
6�b� and 6�c� show two selected examples of the internal
energy evolution with the temperature of Dh and TOh clus-
ters of around 2 nm �c� and around 3 nm �d�. Although both
the structures undergo an order/disorder transition from low
temperature to high temperature, only the TOh clusters dis-
play a jump in the internal energy with a transition from the
L10 type ordering to the A1 disordered state. This transition
in the internal energy is not necessary in a typical chemical
transition since only the entropy in the free-energy expres-
sion is generally concerned.48 However, we wanted to point
out here that in nanoalloys, when many structures coexist
with very weak-energy differences, such internal energy
variation could affect the temperature phase diagram. In our
case, the stability of the 1289 atoms TOh at low temperature
is almost equivalent to the 1067 atoms Dh at high tempera-
ture �1000 K� because of the disordering of the TOh L10
cluster. In the case of the 2 nm size clusters, there is even an
inversion in the stability of the 405 TOh cluster to the benefit
of the 318 Dh one at 800 K.

V. DISCUSSION

Our results for CoPt NPs reveal several structural transi-
tions �from Ih to TOh models� during annealing, yielding
chemically disordered clusters at low temperature, followed
by an ordering at higher temperature and larger size. At RT,
the isolated particles are in an icosahedral structure, which is
a metastable state according to the theoretical calculation of
stable structures at 0 K, and can be interpreted by a kinetic
trapping during their atom-by-atom growth. At low tempera-
ture �400 K�, the annealing induces a weak coarsening due to
an Ostwald ripening to the benefit of larger NPs with respect
to the ultra small NPs �D�1 nm�, without any change in the
structure.

Around 600 K, an aggregation mechanism occurs with the
diffusion of the less trapped particles that stick to others
leading to aggregated particles. This is illustrated on Fig. 4
where � and D increase while H remains almost constant. At
the same time, the wide angle GIXD patterns indicate that
the structure of individual particles forming the aggregate
remains Ih with an unchanged size distribution. This indi-
cates that the mechanism results only in a motion-sticking of
clusters without atoms rearrangement among particles.

At 700 K, a complete coalescence process occurs: neigh-
boring particles merge into a larger one occupying the mass
center of two previous ones. The shape of the particles is
tridimensionally modified �H
D�, yielding to another mul-
titwinned structure: the decahedron. The Ih-Dh transition
temperature is moderated, which suggests that this transition
is rather induced by the coalescence process. Ding et al.49

have shown that the coalescence temperature, i.e., the tem-
perature corresponding to a complete coalescence from two
particles into a single one, decreases for smaller particles
because their larger surface curvature facilitates surface dif-
fusion. On the other hand, several groups50,51 found that mis-
aligned nanoparticles rotate to form low energy interfaces
during sintering. In our case, the weak interactive amorphous

carbon substrate and the motion of the NPs on the substrate
by thermal activation are in favor of the formation of such
multitwinned particles. In addition, our theoretical calcula-
tions show that the chemical disorder favors the stability of
multitwinned particles at higher size than expected as com-
pared to disordered TOh NPs �Figs. 6�b� and 6�c��. These
combined mechanisms could explain the formation of Dh
structure in the 3 nm-size range.

At higher temperature �around 800 K�, a structural transi-
tion from Dh to fcc TOh clusters is observed as predicted by
the phase diagram as a function of NPs size. At the same
time, the NPs size increases and their shape becomes more
and more isotropic, similarly to the ones obtained without
support effect. The mechanism is similar to a particle ripen-
ing leading to the most stable structure at larger NPs size
close to the equilibrium conditions in agreement with the
calculations giving the TOh more stable from 3 nm and
above. Although the thermal activation is sufficient to induce
the atomic rearrangements leading to the stable atomic
structure at this size, the NPs are still chemically disordered
�see Fig. 4�c��.

Finally, the chemical ordering is obtained at 900 K
�Fig. 3� at fixed cluster size. These structural evolution from
non-crystalline to L10 crystalline structure reveals a strong
dependence between the CoPt nanoparticle structure and
their ordering. Indeed, the expected chemical ordering oc-
curred only from crystalline disordered structure. The non-
crystallinity of nanoparticles �Ih or Dh� is a limiting factor to
achieve the chemical order. In a first step, the combined ef-
fect of the diffusivity enhancement and the coalescence
mechanism due to the annealing favor the transition of as-
grown icosahedral particles toward the fcc structure. In a
second step, the disorder-order transition can occur by
temperature-induced internal diffusion from the lower energy
nanoparticle structure, the fcc TOh structure.

To evaluate the degree of order of annealed particles, se-
lected CoPt TOh clusters �Fig. 5� have been simulated in the
temperature range of the theoretical transition �800–1000 K
corrected temperatures�. The Fig. 7�a� displays the wide-
angle scattering profiles of the four different calculated clus-
ters of same size �1289 atoms, 3 nm� corresponding to dif-
ferent LRO. The extinction of the peaks �001� and �110�
corresponding to the high symmetry fcc structure and the
splitting of �200�/�002� and �220�/�202� peaks due to the tet-
ragonalization �a�c� are clearly distinguishable in the pat-
tern of the ordered clusters. Figure 7�b� shows the compari-
son between the experimental pattern obtained at 900 K and
simulated patterns from a partial order cluster �LRO=0.44�
and a mix of ordered-disordered clusters. In both cases, the
main requirement of the fitting was the intensities scaling
adjustment of the superlattice peaks �110�-�001� and the
main peak �111� with the experimental pattern. An excellent
matching is obtained with a mixture of 65% �in atoms� of
ordered clusters and 35% of disordered clusters. These re-
sults show that a bimodal distribution of fully chemically
ordered NPs and fully disordered ones is more realistic than
a distribution of partially ordered ones.

This result is a nice overview of the nature of the transi-
tion since up to now, experimental results performed by
transmission electron microscopy did never give such statis-
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tical average on the ordering state of a complete distribution
of nanoparticles. In a perfect agreement with the theoretical
results where the hysteresis on the order-disorder transition
between the heating curve and the cooling curve �Fig. 5�
plays in favor of a coexistence of the two states in a certain
temperature range �800–1000 K�, the x-ray diffraction results
are better fitted by a bimodal distribution of ordered and
disordered NPs than by an homogeneous distribution of par-
tially ordered NPs. It is important to notice that the model
structures obtained by the Monte Carlo simulations do not
give an homogeneous partially ordered structure for
LRO=0.44 which would be in contradiction with the bista-
bility of the ordered and disordered state. It is rather a tran-
sition state with the coexistence of an ordered part and the
nucleation of a disordered part inside the same particle �see
the insert of Fig. 7�a��. We checked over a simulation at
constant temperature �in the coexistence range� that the tran-
sition from one state to the other can take place but such
transition remains very rare in our simulation time �100 mil-
ions Monte Carlo steps�. A similar bistability has been re-

cently evidenced theoretically on the segregation transition
of CuAg clusters,44 without experimental comparison.

VI. CONCLUSION

We have provided a quantitative description of the struc-
tural and chemical order-disorder phase transitions of 1.5 to
4 nm bimetallic Co50Pt50 nanoparticles induced by increasing
annealing temperatures �300–900 K�. The combined mor-
phological and structural analysis at nanometer scale is given
by an in-situ x-ray scattering method at wide and small
angles together with the support of Monte Carlo simulations
within a semi-empirical tight-binding potential providing a
realistic description of the CoPt nanoparticles structure �crys-
talline or noncrystalline, order degree�. If a coalescence pro-
cess of as-grown icosahedral particles �2 nm� induced by
annealing is detected at low temperature ��600 K�, higher
temperatures ��700 K� are necessary to the formation of
decahedral structure by atomic rearrangement, followed by a
transition to the fcc morphology and finally, a chemical or-
dering around 900 K at fixed particle size. No direct struc-
tural transition from non-crystalline to L10 structure seems
possible. Indeed, the chemical ordering occurred only from
fcc disordered nanoparticles. In addition, contrary to what
has been suggested in the literature, the investigation of the
order/disorder transition at fixed size reveals a bistable state
of the nanoparticles at 900 K with a bimodal distribution
population corresponding to a coexistence of almost fully
chemically ordered and fully disordered particles, as ex-
pected by theoretical calculations, suggesting a first-order
transition in clusters.

A still remaining question is the competition between the
out-of-equilibrium growth conditions and the equilibrium
state. The heating is performed on growing NPs and the dy-
namical coalescence process, which results in the structural
transition from Ih to Dh and, then, in the transition toward
the equilibrium atomic fcc structure, has been clearly identi-
fied. After such a growth process, the phase is still chemi-
cally disordered. The heating procedure is used to activate
the internal diffusion in order to get the chemically ordered
L10 tetragonal structure. Such structure is well characterized
experimentally at 900 K. This is in agreement with the the-
oretical phase diagram which suggests that NPs of 3 nm and
above should be ordered.14 However, it would be worth to
check, starting with an ordered NPs distribution, if the NPs
becomes disordered by increasing the annealing temperature
or ordered by cooling down. Such investigation is still in
progress.
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FIG. 7. �Color online� Calculated GIXD spectra of �a� four dif-
ferent MC relaxed truncated octahedron CoPt clusters of same size
�1289 atoms� corresponding to LRO of 0.06, 0.23, 0.44, and 0.94
according to the Cowley definition �Ref. 32�; �b� Comparison be-
tween 900 K-annealed NPs experimental�square marks� and calcu-
lated �solid line� diffraction patterns. The simulated patterns corre-
spond to a partial ordered cluster �LRO=0.44� as illustrated in the
insert, and a mix of ordered-disordered clusters, in green and red
color, respectively. �c� TEM micrograph of a cross section of the
sample quenched from 900 K.
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