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From metastability to equilibrium during the sequential growth of
Co-Ag supported clusters: a real-time investigation†

P. Andreazza,∗a A. Lemoine,a,b, A. Coati,b D. Nelli,c R. Ferrando,c Y. Garreau,d J. Creuze,e

and C. Andreazza-Vignollea

Atomic motions and morphological evolution of growing Co-Ag nanoparticles are followed in situ and
in real time, by wide and small angle X-ray scattering obtained simultaneously in grazing incidence
geometry (GISAXS and GIWAXS), in single or multi-wavelength (anomalous) modes. The structural
analysis of the experimental data is performed with the aid of equilibrium Monte Carlo simulations
and of molecular-dynamics simulations of nanoparticle growth. Growth is performed by depositing
Co atoms above preformed Ag nanoparticles. This growth procedure is strongly out of equilibrium,
because Ag tends to surface segregation, and generates complex growth sequences. The real time
analysis of the growth allows to follow the nanoparticle evolution pathways almost atom-by-atom,
determining the key mechanisms by which the nanoparticles finally approach their equilibrium core-
shell and quasi-Janus structures.

1 Introduction
Bimetallic nanoparticles (often called nanoalloys) present a wide
range of tunable properties, which stem to a large extent from
their variety of chemical ordering types1,2, ranging from fully
mixed to completely segregated1,3. Mixed alloys can be either
random or ordered, with several possible types of ordering4–7

whereas segregated nanoalloys comprise core-shell (also with in-
complete shells), multishell and Janus particles8–14.

When the components are weakly miscible (as for example in
Cu-Ag, Ni-Ag, Co-Ag, Co-Au and many others1) core-shell and
Janus or quasi-Janus patterns are expected at equilibrium. In
core-shell nanoalloys, a shell of the surface-segregating element A
covers a core of the other element B, indicated as B@A. In quasi-
Janus structures, the core is in off-center position, so that it is
covered by a very thin layer of the shell element on one of its
sides15–18.

Here we focus on Co-Ag, a system combining very interesting
magnetic and plasmonic effects19,20. Co-Ag is weakly miscible in
bulk samples, with a miscibility gap for almost all compositions
in the bulk solid phase21. Ag is less cohesive (EAg

coh = 2.95 eV/at,
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ECo
coh = 4.45 eV/at15), has a much lower surface energy (EAg

S =
553 meV/at, ECo

S = 961 meV/at22) and larger atom size than Co
(rAg/rCo = 1.185). All these factors are in favor of phase separa-
tion with strong Ag surface segregation in Co-Ag nanoparticles1.

Theoretical studies on Co-Ag nanoparticles15–17,23,24 showed
equilibrium phase separation down to the nanoscale. For Ag-rich
compositions, clustering of Co atoms in sub-surface positions was
obtained in fcc and decahedral structures, whereas in icosahedra
(Ih) Co atoms occupied central sites. With increasing Co content,
larger off-center Co cores were formed (quasi-Janus structures),
which progressively extend to the center of the nanoparticle, lead-
ing to a transition from quasi-Janus to Co@Ag. The picture aris-
ing from the experiments is much less clear, since several types of
chemical ordering (both Co@Ag and reversed Ag@Co core-shell,
Janus, multi-domains) were obtained depending on size, compo-
sition, temperature and growth conditions25–29. Recently, also
long-lifetime metastable Ag nanoparticles with face-centered cu-
bic structures including Co point defects have been obtained by
laser ablation in liquid30. These results did not allow to deter-
mine which factors control the final structures, specifically they
did not allow to disentangle equilibrium from kinetics effects, and
to assess the influence of the environment.

In this work, we aim at determining the roles of equilibrium
and kinetic effects in the formation of Co-Ag nanoparticles, which
are grown on a weakly interacting substrate under UHV condi-
tions to minimize the effects of the environment. This is very
important especially for a metal such as cobalt which can be oxi-
dised quite easily31.

The originality of our approach is twofold. First, we use Graz-
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ing Incidence X-ray Scattering, at Small and Wide Angles (GISAXS
and GIWAXS) in an innovative way, employing the anomalous
mode to extract separately the contribution due to the whole par-
ticle and to Co atoms alone. In our GISAXS and GIWAXS exper-
iments, the system is monitored in situ and in real time, so that
growth is followed almost atom-by-atom. Second, we adopt a
strongly out-of-equilibrium growth procedure, depositing Ag first,
to produce an array of Ag nanoparticles, and subsequently de-
positing Co atoms on them. This may lead to the formation of the
following structures:
(a) reversed Ag@Co core-shell, if Co atoms reach the surface of
the Ag nanoparticles without entering inside them;
(b) mixed Co-Ag, initiated by Co atoms entering the Ag nanopar-
ticles from random directions;
(c) Janus or quasi-Janus Co-Ag;
(d) Co@Ag core-shell.
Case (a) indicates the occurrence of strong kinetic trapping
phenomena, so that nanoparticles are fully unable to achieve
the equilibrium structure; (b) may correspond either to kinetic
trapping phenomena or to nanoscale suppression of equilibrium
phase separation, which has been theoretically predicted on the
basis of the competition between mixing and interface free ener-
gies32,33. Scenarios (c) and (d) closely correspond to the equilib-
rium structures obtained in several simulations16,17,24.

Our experimental results, interpreted with the aid of Monte
Carlo (MC) and molecular dynamics (MD) simulations, will deter-
mine what is the most appropriate scenario, thanks to an almost
atom-by-atom experimental resolution of the growth sequence.

2 Methods
A schematic representation of the experiments is given in Figure
1a. The Co-Ag NPs were obtained at room temperature (RT) by
UHV vapor deposition on thermally oxidized Si(100) wafers cov-
ered by an amorphous carbon layer34. The deposition rates were
between 0.5 to 1 1015 atoms/cm2/h for each metal in an initial
pressure of 1 10−10 mbar and an operating pressure 2 10−10 mbar
during the deposition. These substrates were chosen to reduce
the cluster-substrate interactions and to induce the formation of
a randomly oriented assembly of isolated particles without pref-
erential crystallographic orientation. Substrates were degassed at
500 K with a ramp rate of 10 K/min to clean the carbon layer (to
vaporize water and some organic species).

An amount equivalent to 1.1 ML (monolayers as equivalent
thickness) of Ag was deposited, on top of which 4.6 ML of Co
were deposited. The composition of the nanoparticles assembly
was calibrated before the experiment in similar conditions and
also measured post-in situ experiment by an average method, the
Rutherford backscattering (RBS), in order to check the compo-
sition (±5%) and the absolute quantity of deposited Co and Ag
atoms. Previous experiments were performed to check the homo-
geneity of the composition in the level of each particle by energy
dispersive spectroscopy (EDS) and the morphology of the initial
Ag deposition in a transmission electron microscope (TEM) Jeol
ARM200 (Figure S1).

GISAXS and GIWAXS experiments, in situ in UHV condi-
tions, were carried out at the SIXS beam line at SOLEIL syn-

chrotron. GISAXS measurements provide morphological features
of a nanoparticle assembly as size, shape and correlation distance
between particles on the substrate, while GIWAXS allows the de-
termination of the nanoparticle structure at the atomic level35,36.

From two different measurement campaigns, by using different
photon energies (around 7700 eV and 16000 eV), incidence an-
gles (but still close to the critical angles showed in Figure S2) and
detection and resolution mode, several complementary sets of re-
sults were obtained (see the Supplementary Information (SI)). A
campaign was focused on the end-of-deposition steps of the ini-
tial Ag particles and the deposition of the second metal, Co, in
anomalous scattering (multiple energies) experimental configu-
ration37–39. This is very powerful to reveal separately the scatter-
ing contribution of each atom type, but very costly in beam time
and analysis time. The second campaign, devoted to the real-time
monitoring of the morphology and the structure of nanoparticles
during growth, was carried out under optimized conditions to ob-
tain a sufficiently intense diffusion signal in a reduced acquisition
time to simultaneously measure the scattered intensity at small
and large angles, with a set of spectra collected every deposition
of 5 atoms per cluster.

Monte Carlo (MC) and Molecular Dynamics (MD) numerical
simulations were carried out using many-body interatomic po-
tentials of the second moment tight-binding type40,41. Form and
parameters of the potentials can be found in Refs.16,17. The valid-
ity of these potentials for AgCo nanoparticles has been validated
against DFT calculations in Refs.16.

Equilibrium MC simulations were done to obtain realistic struc-
tural models for analysing data obtained by GIWAXS. Indeed,
even though MC and MD simulations should lead in principle
to the same result, equilibrium MC simulations are freed from
following physical trajectories in time and thus allow to reach
the equilibrium state at a lower computational cost. These MC
simulations are made in the canonical ensemble where the nom-
inal concentration is kept fixed at a given temperature. A stan-
dard Metropolis algorithm is used42 and the structural models
for GIWAXS analysis consist in the last configuration obtained at
T =300 K after 1 105 MC steps. A MC step corresponds to N
propositions of a random atomic displacement and N propositions
of a chemical switch obtained by exchanging the positions of two
atoms with different chemical nature, N being the total (constant)
number of atoms in the nanoparticle. We have verified for some
configurations that they were similar to simulations using a larger
number of MC steps.

MD simulations of the growth were done by depositing atoms
one by one on the preformed seed43,44, with rates of one atom
every 5 or 10 ns (i.e. of 0.2 or 0.1 atoms/ns). The atoms were
deposited from random directions. The starting position of each
deposited atom was randomly chosen on a sphere centered on the
growing cluster whose radius was larger by 0.6 nm than the max-
imum radius of the cluster. The initial velocity of the deposited
atom was directed towards the cluster. The modulus of the initial
velocity was extracted from a Maxwell distribution at the growth
temperature. The equations of motion were solved by the velocity
Verlet algorithm with a time step of 5 fs. Temperature was kept
constant by an Andersen thermostat, whose collision frequency
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(of 5 1011 s−1) was chosen to ensure good thermalization with
negligible perturbation of the dynamics45.

3 Results
Here below we first analyze the final experimental structures ob-
tained in the Ag deposition stage, and then after depositing Co
atoms on top of them. This is followed by a real-time in situ
analysis of growth stages in order to show how the nanoparticles
evolve. These results will be discussed with reference to the (a-
d) scenarios described in the Introduction. Finally, we analyze the
atomic-level mechanisms of nanoparticle evolution by MD growth
simulations.

3.1 Final structures of Ag seeds and of Co-Ag nanoparticles.

We now discuss the experimental results concerning the final
structures of Ag seeds and of Co-Ag nanoparticles (Figures 1 and
2), obtained by GISAXS and GIWAXS measurements carried out
at the end of Ag deposition and then towards the end of the sub-
sequent Co deposition.

The fits of the in situ GISAXS data of Figure 1b-c (see the SI
for the analysis procedure) allow to conclude that Ag deposition
produced well-separated Ag clusters of ∼2 nm diameter. This is
in agreement with the ex situ observation of similar samples by
TEM imaging, as shown in Figures 1a and S1. These clusters
were non-coalesced with an average separation between them of
3.5 nm.

Figure 2a shows two samples of Ag clusters of different average
sizes, 1.9 and 2.8 nm. The experimental spectra are in very good
agreement with a distribution of icosahedral structures, present-
ing however some structural disorder so that they are far from
the perfect Mackay icosahedral model. The structures exhibit a
mean contraction of atomic nearest-neighbour distances of 3%
compared to the bulk crystal distances, due to the combination
of the bond-length contraction caused by surface stress and of
the core contraction which is always present in small icosahedral
clusters43,46,47.

The formation of a rather regular array of well-separated Ag
aggregates on the substrate is an ideal situation for the subse-
quent deposition of Co atoms. We expect that these Co atoms
land either on top of the Ag aggregates or on the substrate. In the
latter case, we expect that Co atoms diffuse on the substrate to
reach the aggregates and stick to them. This was indeed the case,
as demonstrated by the GISAXS data of Figure 1, which show an
increase in the clusters size but without much variation in the
distance between them (3.5 nm).

From the analysis of the GISAXS qx and qz sections (by spectra
simulations, see Supporting Information (SI)) at the end of Co
deposition, we deduce the final size of the objects, which turns
out to be ∼3 nm. The same analysis allows to eliminate scenario
(a), because in Ag@Co nanoparticles the average thickness of the
Co shell should be of 0.5 nm, which gives simulation spectra with
high Co shell contribution, totally at odds with the experimental
spectra. On the contrary, scenario (d) (Co@Ag core-shell) gives
the best agreement with the experimantal data. However, we
cannot conclude without ambiguity in favor of (d) at this stage

of the analysis, because also mixed chemical ordering (scenario
(b)) gives a satisfactory agreement (the data are not reported in
the Figure). It is important to note that the GISAXS data are fit-
ted with an average nanoparticle composition of Co0.8Ag0.2, in
agreement with the composition measured ex situ by Rutherford
backscattering after these synchrotron radiation experiments (see
SI). In order to reach a firm conclusion about (d) vs (b), we an-
alyze below the GIWAXS measurements (Figure 2) carried out in
the anomalous mode, because they allow to extract the contribu-
tion of each element separately.

Figure 2b allows to qualitatively compare the GIWAXS spec-
trum obtained after Ag deposition with that obtained at the end
of Co deposition. In the latter case, the contribution of Ag de-
creases and a new contribution appears at q = 31 nm−1, which is
positioned on the main contribution of metallic fcc cobalt. This
observation is in agreement with the formation of a Co domain in
the clusters. To extract the wide angle scattering contribution of
Co atoms, anomalous scattering measurements (Figure 2c) were
collected at five energies below the K Co absorption edge (7709
eV). The reference of the substrate signal was also measured at
each energy. By a simplified PSF processing (see the SI) we ex-
tracted the anomalous contributions which is related only (or al-
most, according to the method) to Co (i.e. proportional to the
partial scattering function S(q) of Co-Co atom pairs, see the SI).

Figure 2d shows the contribution obtained by the differential
method (subtraction of two signals obtained at different energies)
and the raw experimental spectrum far from the K Co edge. This
contribution is characteristic of a condensed phase of Co (with
Co-Co distances very close to those of the bulk fcc phase of Co);
it was compared to a calculated spectrum corresponding to a Co
core of a Co@Ag particle of composition and size close to those
of the experiment (923 atoms, ' 3 nm). This particle, after op-
timization of the equilibrium structure by MC simulations, gives
a scattering spectrum at large angles (Figure 2d) in very good
agreement with the experimental spectrum.

In summary, the different analyses concur in singling out sce-
nario (d) for the final state. This shows that the strongly non-
equilibrium deposition of Co atoms on top of Ag nanoparticles
finally produces Co@Ag structures, which are indeed quite close
to the equilibrium structures found in several calculations16,17.
The formation of Co@Ag structures is possible only by the migra-
tion of Co atoms inside the Ag clusters. We note also that the
final Co@Ag structures may present incomplete Ag monolayer-
thick shells18,48 (often referred to as Ag-skins, Figure 2), because
the quantity of Ag atoms is not sufficient to fully cover the Co
core, even if the Ag shell is stretched to a monolayer thickness.

The experimental data allow us to conclude that Co@Ag struc-
tures are the final outcome of the growth. But what are the
intermediate steps during the growth process? And what are
the atomic-level mechanism involved in the formation of Co@Ag
structures? To answer these questions, real-time growth experi-
ments and cluster growth simulations are discussed below.
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Fig. 1 a) Strategy of the scattering data collection with an incident beam of wavevector ki, a scattered beam in the direction k f with respect to the
sample and the 2D GISAXS and 0D GIWAXS detection geometry; in the inset, TEM image of an assembly of well-separated Ag clusters on amorphous
carbon substrate (same deposition amount of Ag atoms in same conditions as the GISAXS/GIWAXS experiments). This micrograph is shown enlarged
in Figure S1 for a better view. The white bar corresponds to the scale of 20 nm. b) Cross sections of 2D GISAXS spectra in the parallel direction and
c) in the perpendicular direction to the substrate: initial NPs of Ag (in red), then NPs at the end of Co deposition (in black), as well as the profiles
simulated by IsGISAXS (models for the simulations are shown in the inset graph c).

Fig. 2 GIWAXS spectra of a) two-size pure Ag nanoparticles with the superimposition of simulations of an Ih distribution; b) initial islets of Ag
then after deposition of Co on Ag. Anomalous GIWAXS spectra obtained c) at different energies before the K Co edge; d) after extraction of the
anomalous contribution of Co (differential method) superimposed with the simulated spectrum (in red) of a core of Co (b-c-d spectra are without
substrate subtraction). The Ih structure models of Ag309 and Ag309Co614, after energy minimization by MC simulation, are included in a) and d),
which correspond to the main sizes and concentrations of the initial islets of Ag and after deposition of Co, respectively. The Ag atoms are reduced
in diameter to facilitate the view of Co atoms in the figure (Co in blue and Ag in gray).
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3.2 Real-time investigation during Ag and Co deposition

The investigation of the intermediate growth steps was performed
in real time by GISAXS and GIWAXS (see SI)31,36. This was car-
ried out during Ag deposition and during that of Co, which were
deposited with similar rates, of about one atom per minute per
cluster. The GISAXS results (Figure 3(a-d)) reveal high mobility
of Ag atoms on the substrate, up to a deposited amount equiva-
lent to 1.1 ML, which results from an increase in the interparticle
distances, in their diameters and heights (Figure 3c and d). In
additiofaccurn, the aspect ratio changes from 0.89, correspond-
ing to the initial nucleation step, to 0.82, corresponding to the
growth step closer to the equilibrium of Ag supported clusters on
a-C substrate. During Co deposition, up to 70% of deposited Co,
the spectra show a stabilization of the interparticle distances, as
revealed by the q position (1) in Figure 3b. On the other hand,
the evolution of diameter and height shows a monotonic increase
(Figure 3c and d), which validates the hypothesis that most Co
atoms are able to diffuse on the substrate to reach the growing
nanoparticles. From 70% Co onward, a sharp decrease in the as-
pect ratio H/D of the growing nanoparticles is observed (Figure
3d). This might correspond to a change of the substrate-metal
interface caused by a change from an Ag-substrate interface to a
Co-substrate interface. Above 70% Co, a jump in the interparticle
distance Λ is also observed (Figure 3d, corresponding to the q po-
sition (2) in Figure 3b), indicating the occurrence of some static
coalescence of the nanoparticles. In summary, below 70% Co, a
model of non-coalesced growing Co@Ag nanoparticles can rea-
sonably be proposed, whereas for larger quantities of deposited
Co the situation is more complex. In the following we concen-
trate in the regime below 70% Co.

The GIWAXS results of Figure 4 reveal the time-resolved struc-
tural evolution during the Ag and Co depositions. The main fea-
ture is an intensity drop of the contribution of Ag-Ag pairs mainly
around q= 27.3nm−1, which is associated with a loss of coherence
of the Ag domains. At the same time, the formation of coher-
ent Co domains is observed (Figure 4b), revealed by the increase
of the scattering contributions from Co-Co pairs, which can be
seen mainly around q = 31.1nm−1. More precisely, for 20% of
deposited Co (Figure 4c - red circle), the signal assigned to Ag
is stronger than that corresponding to the pure Ag clusters. This
is the signature of an incorporation of Co atoms over interatomic
distances close to that of Ag, while the structure of the initial Ag
particles is mostly kept as it is. At the highest amounts of Co,
the Ag atoms lose their coherence, corresponding to a shorter dis-
tance order in the initial Ag domains, while domains of Co are
created close to the interatomic distance of Co bulk (within 1% of
the bulk lattice spacing). The GISAXS spectra are showed in sepa-
rated groups for a better view of the variation of the different con-
tributions of Ag and Co in Figure S5. These observations, which
reflect a progressive reduction of the coherence length in Ag do-
mains and of the number of Ag neighbors, and also a higher lo-
cal structural disorder, are in agreement with the model deduced
from the anomalous scattering measurement: the formation of a
core-shell Co@Ag particle by incorporation and agglomeration of
Co atoms in the Ag nanoparticles.

3.3 Growth simulations

The experimental results were compared with MD growth simu-
lations, in which Co atoms were deposited one by one from ran-
dom directions on an initial Ag icosahedron of 309 atoms. This
structure has a diameter D ∼ 2.2 nm, which is in the size range
of the experimental nanoparticles, see Figure 2a. A total of 700
Co atoms were deposited, at rates of 1 atom every 5 or 10 ns.
Although MD simulations are not able to reach the experimen-
tal time scale, they have the advantage of reproducing realistic
atomic trajectories because in these simulations the actual equa-
tions of motion are solved. In order to overcome these time scale
limitations, we simulated at higher temperatures (500, 550 and
600 K) than in the experiments, so that a speed up of kinetics was
obtained. These temperatures are however well below the melt-
ing temperature of the nanoparticles (which is above 700 K49)
so that the simulated growth was always taking place at the solid
state. For each temperature and deposition rate we made two in-
dependent simulations. We found that the growth sequence was
of the same type in all simulations, a result which indicates that
the simulations are indeed reproducing the typical growth path-
way.

Representative snapshots from a growth sequence at 500 K
with a deposition rate of 0.1 atom/ns are shown in Figure 5.
The nanoparticle closely keeps the shape of the Ag icosahedron
of 309 atoms up to ∼20% of Co content, in good agreement with
the experiments. After reaching the nanoparticle, Co atoms may
diffuse on its surface for some time, but then they are likely to
enter the surface by exchange with Ag atoms, which are moved
above the original surface to form islands on top of it. Local re-
constructions of the surface are sometimes observed. These re-
constructions allow a better accommodation of Co atoms at the
surface. Co atoms initially occupy sites of the surface layer and
then move to the sub-surface layer, filling the positions of the
original Ag atoms. For isolated Co atoms in the sub-surface layer,
the distances with Ag neighbours are quite close to those between
sub-surface Ag-Ag pairs, with contractions in the range of 1-2%.
For small sub-surface Co aggregates, distances with surrounding
Ag atoms are more contracted, from about 3% of Co dimers to
5-6% for aggregates between 10 and 20 atoms. This result in-
dicates that the experimental observation by GIWAXS in the first
step of Co atom deposition (less than 20% of Co) corresponds to
a sub-surface incorporation of Co atoms and consequently to the
creation of Co-Ag pair distances close to the Ag-Ag pair distance.

An important point in the initial stages of the growth is that
Co atoms or small Co aggregates, that are already present in the
vicinity of the surface, act as traps for further deposited Co atoms
that are diffusing on the cluster surface. This trapping effect is
due to the much stronger Co-Co interactions compared to Ag-Co
interactions. Because of this trapping effect, only few Co aggre-
gates form, as shown in the first half of the sequence of Figure
5. These aggregate will further grow and eventually merge as the
number of deposited Co atoms increases. We note also that these
structures with sub-surface small aggregates do not correspond
to the equilibrium chemical ordering in icosahedra in this com-
position range. In the equilibrium chemical ordering, the few Co

Journal Name, [year], [vol.],1–9 | 5



Fig. 3 GISAXS spectra during Co deposition: a) normalized on the intensity of the Yoneda peak in the qz direction and b) raw in the qy direction.
Evolution of the average parameters (vertical bars correspond to the width σ of the Gaussian distributions): c) diameter D, height H and volume V ,
and d) aspect ratio (H/D) of the particles and interparticle distance (Λ) relative to the quantity of matter Q in equivalent thickness in monolayers
(ML) of atoms.

Fig. 4 a) GIWAXS spectra as a function of deposition time (the Ag and Co peaks are indicated by the gray and the blue arrows, respectively), the
black horizontal line corresponding to the transition from the Ag to the Co deposition. b) Selection of a few spectra during Co deposition. These
curves are shown separated and enlarged in Figure S5 for a better view. c) Integrated intensity of the main peaks assigned to Ag in gray and to Co in
blue, located respectively around q = 27.3 nm−1 and q = 31.1 nm−1.
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Fig. 5 Snapshots obtained by molecular dynamics simulations of the growth of Co on an initial Ag nanoparticle. The snapshots are taken at different
stages representative of the process of incorporation of Co atoms up to 70% Co atom content. Co is in blue and Ag is in gray. The incorporation of
Co in Ag keeps the original Ih shape at least up to 50 Co deposited atoms. The Ag atoms are reduced in diameter to facilitate the view of Co atoms
in the bottom row of the figure. Note that Co atoms are deposited randomly from all directions.

atoms occupy the central part of the icosahedron, where they can
release much of the internal stress of the structure16,17. How-
ever, sub-surface positions are relatively favorable from the ener-
getic point of view, so that metastable configurations with small
sub-surface Co aggregates may present long lifetimes. Specifi-
cally, sub-surface sites are the most favorable sites for placing
small impurities in fcc clusters in systems such as AgCu, AgNi,
AgCo, and AuCo, which present the same type of lattice mis-
match, and of phase separation and surface segregation tenden-
cies. The favourable sub-surface placement has been confirmed
by DFT calculations for AgCu and AuCo33,50. In icosahedra, sub-
surface sites are the second-best placements, after the central site.

By adding further Co atoms, the small sub-surface aggregates
merge to form a single off-center cobalt block, which is covered
on one side by an Ag-skin. This asymmetric quasi-Janus structure
is obtained in spite of the fact that we deposit from completely
random directions. The quasi-Janus structure is found up to about
400 deposited Co atoms and, according to calculations, it is close
to the equilibrium chemical ordering for these compositions.15–17

In agreement with our experiments, the structures then become
Co@Ag for increasing Co content. We note that Co@Ag structures
correspond to equilibrium in the Co-rich limit according to the
calculations.

4 Conclusions
In summary, the growth of Co-Ag nanoparticles was followed in
situ ad real time by different X-ray scattering techniques, with
almost atom-by-atom resolution. The experimental results were
interpreted with the aid of equilibrium Monte Carlo simulations
and nanoparticle growth Molecular Dynamics simulations. This
combination of techniques allowed to distinguish between dif-
ferent scenarios corresponding to possible different growth path-
ways and outcomes.

In particular, we show that the deposition of Co atoms on pre-
formed Ag nanoparticles, which act as growth seeds, leads to
quite complex growth sequences. These sequences start with the
incorporation of Co atoms in sub-surface positions and finally end

with the formation of Co@Ag core-shell arrangements. According
to the growth simulations, this sequence passes through an inter-
mediate stage in which quasi-Janus structures are formed. These
structures present a Co core which is asymmetrically placed in the
nanoparticle, so that it is covered on one side by a very thin Ag
shell.

The observed growth sequences produce, to a large extent,
structures which are close to what is expected for equilibrium Co-
Ag nanoparticles16,17, especially as regards the quasi-Janus struc-
tures at intermediate compositions and the Co@Ag structures in
the Co-rich limit. These structures are obtained in spite of the
fact that depositing Co atoms on Ag preformed nanoparticles is in
principle a procedure very far from the expected equilibrium. The
key atomic-level mechanism leading to equilibration is the fast
incorporation of Co atoms inside the Ag seeds to reach the sub-
surface positions, in which Co atoms are locally stable. According
to our experimental results, this process is already activated at
room temperature, and initiates the formation of Co aggregates
inside the Ag matrix. As a result, kinetic trapping phenomena,
which are however present in the initial part of the growth se-
quence, are of minor importance in determining the final growth
outcomes.

Finally, we note that our results clearly demonstrate that in Co-
Ag there is no nanoscale suppression of phase separation down to
the limit of∼3 nm at least, but well defined phase-separated types
of chemical ordering such as core-shell and quasi-Janus structures
are stable down to the extreme nanoscale limit.
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