
HAL Id: hal-04182569
https://hal.science/hal-04182569v1

Preprint submitted on 20 Feb 2023 (v1), last revised 8 Sep 2023 (v2)

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Atomic Scale Surface Segregation in Copper-Gold
Nanoparticles

Grégoire Breyton, Hakim Amara, Jaysen Nelayah, Jérôme Creuze, Hazar
Guesmi, Damien Alloyeau, Guillaume Wang, Christian Ricolleau

To cite this version:
Grégoire Breyton, Hakim Amara, Jaysen Nelayah, Jérôme Creuze, Hazar Guesmi, et al.. Atomic Scale
Surface Segregation in Copper-Gold Nanoparticles. 2023. �hal-04182569v1�

https://hal.science/hal-04182569v1
https://hal.archives-ouvertes.fr


Atomic Scale Surface Segregation in Copper-Gold Nanoparticles
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In this work, we combine electron microscopy measurements of the surface compositions in Cu-
Au nanoparticles and atomistic simulations to investigate the effect of gold segregation. While this
mechanism has been extensively investigated within Cu-Au in the bulk state, it was never studied
at the atomic level in nanoparticles. By using energy dispersive X-ray analysis across the (100)
and (111) facets of nanoparticles, we provide evidence of gold segregation in Cu3Au and CuAu3

nanoparticles in the 10 nm size range grown by epitaxy on a salt surface with high control of the
nanoparticles morphology. To get atomic-scale insights into the segregation properties in Cu-Au
nanoparticles on the whole composition range, we perform Monte Carlo calculations employing N -
body interatomic potentials. These simulations confirm this effect by showing a complete segregation
of Au in the (100) and (111) faces of a truncated octahedron for gold nominal composition of the
alloy above 70% and 60% respectively. Furthermore, we show that there is no size effect on the
segregation behaviour since we evidence the same oscillating concentration profile from surface to
the nanoparticles core as in the bulk. These results can shed new lights in the interpretation of the
enhanced reactivity, selectivity and stability of Cu-Au nanoparticles in various catalytic reactions.

Surface segregation in AxB1−x binary alloys, i.e. the
enrichment of surface by one of the elements as compared
to the bulk composition, has been the subject of numer-
ous studies [1–4]. It is a very important phenomenon in
surface physics of alloys since it can dramatically change
the intrinsic properties of the bulk material. Notably, it
can strongly modify the surface reactivity of the alloys
during catalytic reactions [5, 6]. Three physical param-
eters are used to determine a priori the element that
segregates at the surface [7]. The first two ones are the
surface energy and the atomic size of the species that
constitute the alloy. It is generally admitted that the el-
ement with the lower surface energy and with the larger
size will segregate [8–10]. Another driving force is the al-
loying effect meaning the competition between the cohe-
sive energy of each individual atoms of the alloy and the
free energy of mixing. These key quantities explaining
segregation phenomena have been put forward by using
phenomenological models based on the pair-based [11–
13] and the elastic-strain energy theories [8, 14]. More-
over, numerical calculations were performed within the
tight-binding approximation to characterize the surface
segregation from a microscopic point a view with an accu-
rate description of the chemical bonds in transition metal
based alloys [3, 15–19].

In bulk CuAu alloys, this effect has been exten-
sively studied from both experimental and theoretical
approaches as a model system for binary alloys [9, 10, 20–
30]. Among the most common ones, the techniques that
were used to probe the surface composition of bulk Cu-
Au are Auger electron spectroscopy (AES) [20–22], low
energy ion scattering (LEIS) [9, 23, 24], low-energy elec-

tron diffraction (LEED) [24], and X-rays surface diffrac-
tion [25, 26]. All of these works have shown various ex-
tent of Au surface segregation depending on the nature
of the material (mono- vs polycrystal), the experimen-
tal technique and the indexes of the considered surfaces.
Interestingly, this segregation effect is followed by an os-
cillating concentration profile from the surface to the core
of the material where the nominal concentration is finally
reached [23, 25, 31, 32].

For nanoparticles (NPs), the situation can be differ-
ent due to the so-called size effect i.e. the competition
between the bulk and surface energies of the NP [33] re-
sulting in segregation effects as in case of Ag-Pt [34],
Cu-Ag [35] or Ni-Pt [36] NPs. Indeed, physics at the
nanoscale could be different than the one occurring in
bulk, especially for NPs whose diameter is smaller than
around 10 nm. Typical examples include the depen-
dence on the size of the melting temperature [37], sur-
face energy [38] or mechanical properties [39] of pure NPs
as well as the order-disorder transition temperature for
bimetallic nanoalloys [40]. Regarding segregation effects
in CuxAu1−x NPs very few studies exist. Results are
mainly obtained by atomistic calculations [27–30, 41] and
nanothermodynamic approaches [10]. All these works
demonstrated Au segregation at the surface of the NPs.
In one case, it was also demonstrated Cu enrichment of
the NPs facets although this configuration is not sta-
ble [30]. From experiments, up to now, two papers report
results on this system [10, 30]. The segregation effect
was evidenced by chemical mapping acquired by X-ray
spectroscopy using a Transmission Electron Microscopy
(TEM) in Scanning mode (STEM). In these works, the
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Au segregation was revealed at the nanometer scale and
in consequence there is no evidence of the different ex-
tent of the segregation on the three main low index facets,
namely (111), (110) and (100), as observed in bulk sys-
tems. Indeed, such analysis along a NP, which is much
more complex, has never been addressed.

In this letter, we determine at the atomic scale the
chemical composition of individual facets of epitaxially
grown CuAu3 and Cu3Au NPs on NaCl (100) surface in
truncated octahedral shape by using X-ray spectroscopy
in an aberration-corrected electron microscope. We then
compared the results to Monte Carlo simulations allowing
the determination of the composition of (111) and (100)
facets of Cu-Au NPs in the whole composition range.
We show a remarkably good agreement between both ap-
proaches proving unambiguously the segregation of gold
on NPs surfaces at the atomic scale followed by an oscil-
lating concentration profile within the particle.

From an experimental point of view, the challenge to
evidence unambiguously the effect of Cu or Au segrega-
tion is to have a perfect control on the 3D morphology of
the NPs and then on the facets exhibited by the particles
under consideration. For that purpose, we developed the
epitaxial growth of CuAu NPs on a NaCl substrate and
deposited on a TEM carbon grid by the carbon replica
technique [42]. Cu-Au NPs were synthesized by alter-
nated pulsed laser deposition technique in a high vacuum
chamber under a pressure of 10−8 Torr [43]. Two com-
positions were prepared in the in the Cu3Au and CuAu3

stoichiometry ranges and the growth was made at 400◦C
in order to obtain NPs in the FCC disordered phase (A1
phase). Experimental details are given in Sec. I of the
Supplemental Materials. The NPs were imaged by using
a double aberration corrected electron microscope (JEOL
ARM 200F cold FEG) in STEM mode using the High An-
gle Annular Dark Field (HAADF) technique. Chemical
analysis of the NPs surface composition was performed
by Energy Dispersive X-ray spectroscopy (EDX).

Figure 1a shows a typical HAADF high resolution
STEM image of a CuAu3 stoichiometry NP oriented
along the [011] zone axis. The exact composition
measured by EDX spectroscopy over the whole NP is
Cu15Au85. Through this projection, we clearly identify
a truncated octahedron exhibiting 6 facets, namely two
(200) and four (111) ones, parallel to the electron beam.
Since the Fast Fourier Transform (FFT) pattern of the
NP does not show any super structure reflections, the NP
is in the A1 phase. We analyze the composition of (200)
planes from the surface to the core of the NP across a line
scan of the beam along the [200] direction to the planes
(red line in Fig. 1a). The procedure is described in Sec.
II of the Supplementary Material. From each spectrum
acquired along this line, we quantified the composition
of an atomic column belonging to the (200) planes by
analyzing the intensities under the Au-Lα and Cu-Kα

edges using the Cliff-Lorimer method with a theoretical

FIG. 1. (a) HRSTEM image of a Cu15Au85 NP oriented along
the [011] zone axis. Inset: FFT of the image showing the
[200] direction. Red line: direction of the line scan for the
EDX analysis. (b) Composition profile in Au and Cu as a
function of the position of the plane along the [200] direction
from the surface (atomic layer 1) to the core of the NP. Light
colors: Au and Cu concentrations extracted from the atom-
istic simulations performed on a NP with the same nominal
composition along the same family of planes as the experi-
mental ones.

kCu/Au [44] factor. The results are plotted as a func-
tion of the position of the beam along the line scan and
shown in Fig 1b. Since the alloy is in the solid solution
phase state, each site is randomly occupied by Cu or Au
atoms with a probability of 0.15 and 0.85 respectively.
Each column being equivalent in the lack of segregation,
its composition is thus equal to the one of the atomic
plane. From Fig. 1b, it clearly appears that the (200)
surface plane (atomic layer 1) is made of pure gold and
then the composition tends to Cu15Au85 for the planes
belonging to the core of the NP. It should be pointed out
that in this composition range, i.e. in the Au rich region
of the phase diagram of the Cu-Au system, when the first
surface plane is saturated in gold, the subsequent planes
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become enriched with copper to reach the nominal com-
position of the alloy (Fig 1b). Note that in addition to the
accuracy of the EDX technique without reference sample
which is around 5 at. %, the precision of the analysis is
very sensitive to the exact alignment of the plane with
respect to the electron beam: a small misalignment may
cause that the spectrum does not strictly correspond to
the composition of a unique atomic column.

For the Cu3Au stoichiometry, an HAADF image of a
Cu70Au30 NP is shown in Figure 2a. The nanoparticle is
oriented near the [110] zone axis and the corresponding
FFT pattern exhibits the 111 reflections. No super struc-
ture reflexions are observed confirming that the NP is in
the disordered FCC state. Hence, the expected composi-
tion of these planes must be Cu70Au30. We analyzed the
plane compositions from the surface to the core along a
line scan perpendicular to the (111) surface of the parti-
cle following the same procedure as before. The results
are plotted in Figure 2b. According to these concentra-
tion profiles, it appears clearly that the composition of
the (111) surface is enriched in gold meaning 42% instead
of 30% according to the NPs composition and a depletion
in copper, 58% instead of 70%. The nominal composition
of the plane is recovered from the second plane.

To get insight the segregation properties of Cu-Au NPs
at atomic scale, we perform Monte Carlo (MC) simu-
lations using a specific N -body potential derived from
the second moment approximation (SMA) of the tight-
binding (TB) scheme [45, 46]. The interatomic potential
is included in a MC code in the canonical ensemble to re-
lax the structures at finite temperatures [47]. Here, the
simulations are performed at high enough temperatures
to ensure that the NPs are in a disordered state as the
experiments. Regarding the procedure for adjusting the
TB-SMA potential and the MC calculations, more details
can be found in Sec. III of the Supplemental Material.
Meanwhile, we note that the calculated Au surface ener-
gies are lower than those of Cu, in line with ab initio cal-
culations, favoring Au surface segregation. Since we fo-
cus on segregation phenomena, we have ensured that our
TB potential can satisfactorily reproduce the enthalpy
of segregation of the solute at the surface, ∆Hseg. In-
deed, the tendency of a constituent to segregate at the
surface is characterized by this crucial quantity defined
as the energy balance involved when one atom of a given
species, initially placed in the bulk, is exchanged with an
atom of the other species located at the surface [48, 49].
A negative value of ∆Hseg means that solute segregation
is favored. As shown in Sec. III of the Supplemental Ma-
terial, our TB-SMA results are in agreement with the ab
initio data. More precisely, we notice a strong tendency
for the Au impurity to segregate on the first layer and
this whatever the Cu surface considered, namely (100),
(111) and (101). The conclusions are rather different in
the case of the copper solute where an opposite behavior
is observed. Even if the alloying effect should obviously

FIG. 2. (a) HRSTEM image of a Cu70Au30 NP oriented near
the [110] zone axis. Inset: FFT of the image showing the
[111] direction. Red line: directions of the line scan for the
EDX analysis. (b) Composition profile in Au and Cu as a
function of the position of the plane along the [111] direction
from the surface (atomic layer 1) to the core of the NP. Light
colors: Au and Cu concentrations extracted from the atom-
istic simulations performed on a NP with the same nominal
composition along the same family of plane as the experimen-
tal ones

not be neglected, we can expect to observe a strong seg-
regation of Au within NPs through our simulations and
quantify more accurately this phenomenon at the atomic
scale.

We considered truncated octahedron Cu-Au NPs con-
taining 405, 1289 and 4033 atoms. This corresponds to
cluster sizes around 2 to 5 nm close to the range explored
experimentally. Fig. 3a depicts the segregation isotherms
for a Cu-Au NP in a disordered state containing 4033
atoms with initial composition covering the whole phase
diagram. Obviously, our simulations show that Au segre-
gates whatever its nominal concentration with complete
segregation when the gold concentration exceeds 70%.
Concomitantly, we observe a depletion in Au atoms in
the first two sublayers. Beyond that, a progressive return
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FIG. 3. Segregation isotherms in the disordered state for (a)
the surface (p = 1) and the first two sublayers (p = 2, 3) and
(b) the (100) and (111) surfaces for the truncated octahedron
Cu-Au nanoalloys containing 4033 atoms.

to the nominal concentration is achieved. To go further,
surface concentrations of different facets are analysed in
Fig. 3b. Interestingly, there is an enhancement of Au en-
richment when going from close-packed (111) facet to the
open (100) one in agreement with usual surface energy
arguments [48]. Gold enrichment is therefore strongly
favored on a (100) surface compared to a (111) one, re-
sulting in a complete saturation from a nominal concen-
tration of 60 at. % gold.

We now focus on specific concentrations where ordered
phases exist, i.e. CuAu3 and Cu3Au [50]. Let start with
the CuAu3 composition in a disordered state. After per-
forming MC simulations, strong segregation effects are
highlighted. A visual inspection depicts a NP completely
surrounded by a thin layer of gold as seen in Fig. 4a. The
innermost layers do not show any particular gold enrich-
ment but display a totally random structure typical of a
disordered state. This is confirmed in a more quantita-
tive way with the analysis of the density profiles along the
radius of the NPs. The first layer is completely enriched
in gold then the concentration decreases within the NP
to get closer to the nominal concentration of 75% of Au.

FIG. 4. Cross-section views of a characteristic equilibrium
configuration and concentration profiles along the radius of a
NP containing 4033 atoms after performing MC simulations
in the disordered state. (a) CuAu3 and (b) Cu3Au.

In a second step, Cu3Au NPs are addressed and exhibit a
much less striking segregation effect. As seen in Fig. 4b,
only 50% of the surface is covered with Au. Although a
significant enrichment of the surface in gold is observed
(about twice the nominal concentration), our atomistic
simulations do not show a complete Au layer surround-
ing the NP. Consequently, atomistic simulations confirm
that Au segregates at the surface of NPs whatever their
composition and size.

To compare quantitatively the experimental measure-
ments to the numerical calculations, we extracted, from
the atomistic simulations with a truncated octahedron
containing 4033 atoms, the concentration profiles of each
plane from the surface in the same way that they are
acquired in the TEM. For that purpose, we determine
for the Cu15Au85 composition, the concentration of each
column of the (200) planes. The composition profiles
for each atomic column, for different line scans, are
superimposed to the experimental curves in Fig. 1b.
The same procedure was applied for the Cu70Au30
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composition (see Fig. 2b). For both compositions, we
show a remarkably good quantitative agreement between
both results. In particular, due to the intrinsic statistical
nature of the FCC disordered phase, the experimental
curves are situated in between the two envelope curves
determined from the numerical model. Moreover, we
prove without any ambiguity the effect of Au segregation
on these planes for these alloy stoichiometries.

Knowing the real composition of the surface of bimetal-
lic NPs is crucial for their applications. Regarding
CuxAu1−x NPs, we succeeded in showing the segregation
of a single layer of Au at the surface thus addressing an
existing debate in the literature. This has been achieved
by combining measurements of the surface composition of
(100) and (111) surfaces of NPs with very well controlled
morphology and atomic scale simulations. Moreover, our
detailed analysis have proven a concentration profile from
the facets to the core of the NP as already discussed in
case of infinite surfaces highlighting that such mecha-
nism is still present at the nanoscale. These conclusions
are very important for the surface and catalyst commu-
nity [36] since it highlights how it is crucial to consider
the real surface composition and the concentration pro-
file along the NPs to analyze the reactivity of small cat-
alysts. This work constitutes a major step showing that
the future to understand catalysis of nanoalloys is to de-
termine the complete concentration profile of the NPs
surfaces under real environmental conditions since segre-
gation behavior can even be changed [51].

SUPPLEMENTAL MATERIAL :
ATOMIC SCALE SEGREGATION IN
COPPER-GOLD NANOPARTICLES

Sec. I. Synthesis of nanoparticles and prepara-
tion for HRTEM characterization

To clearly evidence the effect of Cu or Au segregation,
a perfect control on the 3D morphology of the NPs is
mandatory. In this context, we developed the epitaxial
growth of Cu-Au NPs. The substrate of choice for a
good epitaxy of Cu-Au system is NaCl because of its
cubic symmetry together with one of its lattice distances
(d110= 0.398 nm) which is in the same range as the one of
Cu-Au alloy (0.385 nm for the Cu50Au50 composition).
Twonominal compositions were made using pulsed laser
deposition technique [43]: Cu3Au and CuAu3 and with
a nominal thickness of the continuous film fixed at 0.7
nm. The NPs were deposited on a 1 cm2 freshly cleaved
sodium chloride NaCl (001) single-crystal surface. To
ensure well-oriented growth of the NPs on the substrate
and in a face-centered cubic (FCC) disordered state
(A1 phase), the latter was heated at 400◦C during the
laser deposition. After deposition, the Cu-Au NPs were

FIG. 5. HRSTEM images of AuCu3 NPs synthesized (a) with-
out epitaxial growth and (b) from epitaxial growth.

covered by a few nm-thick amorphous (a-)carbon film
obtained by evaporating a carbon rod in an Edward
Auto 306 thermal evaporator. Carbon replica [42] was
obtained by dissolving the sodium chloride in deionized
water followed by the transfer of the carbon-supported
NPs to standard Mo grids (300 mesh, Agar Scientific)
for structural investigations by TEM. In Fig. 5, we can
clearly see how epitaxial growth allows us to obtain
perfectly facetted and very well oriented NPs limiting
the presence of twinning type defects and thus greatly
facilitating chemical analysis.

Sec. II. Quantification analysis of the composi-
tion of an atomic column

As seen in Fig. 6, EDX measurement consists of a
succession of acquisition points along a line. The dis-
tance between two points is chosen so that it coincides
with the distance between two planes of the considered
family (∼0.2 nm). Each acquisition lasts 20 seconds and
irradiates the whole column below the acquisition point,
before moving on to the next one, i.e. the next plane.
A drift corrector correcting the position every 5 seconds
is also in place due to the magnification (×10M) of the
image.

In Fig. 7, we present typical EDX spectra correspond-
ing to the position of the electron beam on an atomic
column of planes parallel to the facet along the line of
acquisition. The composition of the columns (hence
the one of the planes) was obtained by quantifying the
intensity of the Cu Kα and Au Lα peaks. We do not
used the Au M peaks appearing at lower energies since
there is an overlap between those peaks and the Mo M
ones coming from the support of the carbon thin film
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FIG. 6. Schematic representation of the EDX measurement.

supporting the NPs. The background level in these
spectra is very low because the NPs are deposited on a
very thin carbon film. The noise in this kind of data
follows a Poisson statistic and thus the error bar in
Fig. 1b and 2b was calculated, for each plane along the
line of analysis, using the standard error propagation
approach. Finally, the configuration parameters of the
microscope for the acquisition of HRSTEM image and
EDX spectra were fix as follow: condenser aperture of 40
µm, spot size 8C and camera length of 5 cm, so that the
resolution (i.e. the probe size) can be roughly estimated
to be less than 0.1 nm.

Sec. III. TB-SMA interatomic potential

• TB-SMA model

Within the tight-binding (TB) framework [45, 46], the
total energy of an atom n is splitted in two parts, a band
structure term that describes the formation of an energy
band Enband when atoms are put together and a repul-
sive term Enrep that empirically accounts for the ionic
and electronic repulsions : Entot = Enband +Enrep. The to-
tal energy of the system containing N atoms, Etot, then

FIG. 7. EDX spectra acquired on atomic columns belonging
to the 1st, 3rd and 5th atomic planes (from top to bottom)
from the surface along the line perpendicular to the NP sur-
face (red line on the image of the inset): (a) Cu15Au85 and
(b) Cu70Au30.

writes :

Etot =
∑
n=1,N

Entot. (1)

In the SMA formalism, the band energy is given by :

Enband = −

√√√√∑
m 6=n

ξ2ij exp

[
−2qij

(
rnm
r0ij

− 1

)]
(2)

and the repulsive contribution is described in a pairwise
Born-Mayer form :

Enrep =
∑
m 6=n

Aij exp

[
−pij

(
rnm
r0ij

− 1

)]
(3)

where rnm is the distance between atoms at sites n
and m whereas r0ii (respectively r0jj) corresponds to the
equilibrium distance between first neighbors in the pure

metal i (respectively j), r0ij =
r0ii+r

0
jj

2 corresponds to the
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equilibrium distance between first neighbors in the alloy.
Note that ξij is the effective hopping integral between
atoms i and j.

• The fitting procedure

In the present work, the parameters (ξij , Aij , qij
and pij) are fitted to reproduce several bulk physical
properties. The resulting parameter values for Cu-Cu,

ξij Aij pij qij

(eV) (eV)

Cu-Cu 1.29 0.09 11.06 2.46

Au-Au 1.80 0.21 10.95 4.02

Cu-Au 1.61 0.14 10.68 3.24

TABLE I. Parameters of the interatomic potentials used for
the Cu-Cu, Au-Au and Cu-Au interactions.

Au-Au and Cu-Au interactions are presented in Table I.
For pure elements, the TB-SMA parameters have been
fitted on experimental values for the fcc structure
namely the lattice parameter, the cohesive energy and
the elastic moduli (bulk modulus and the two shear
moduli) as seen in Table II.

Lattice Cohesive B C’ C44 γ111 γ100 γ110

parameter energy

Cu 3.62 -3.50 142 24 75 1.10 1.18 1.32

(3.62) (-3.50) (142) (26) (75) (1.95) (2.17) (2.24)

Au 4.08 -3.81 166 16 45 0.51 0.59 0.63

(4.08) (-3.81) (166) (16) (45) (1.28) (1.63) (1.70)

TABLE II. For pure Au and Cu elements (fcc structure), com-
parison of our SMA model with experimental data (lattice
parameters (Å) [52], cohesive energies (eV/at) [52], elastic
modulii (GPa) [53], and surface energies (J.m2) [54]) indi-
cated in bracket.

Note that fitting the TB-SMA parameters to exper-
imental cohesive energies leads to an underestimation
(∼ by a factor 2) of the surface energies since it is well
known that such potentials are not always adapted to
describe physical properties from bulk to surface [55].
Nevertheless, these deviations do not prevent us from
describing qualitatively structural properties of Cu-Au
nanoalloys as we will see in the following. Improving
the accuracy usually implies increasing the number of
parameters, which can blur the physical transparency of
the model [56–58]. Typically, the following hierarchy:
γ111 < γ100 < γ110 is well reproduced within our
TB-SMA model for both Cu and Au surfaces. Moreover,
we can notice that the Au surface energy calculated
is lower than the one of Cu, again in agreement with
DFT calculations, which is in favor of the Au surface

segregation.

For the Cu-Au interaction, the potential has been fit-
ted to the enthalpies of solution in the two diluted limits.
Our results (-0.19 eV and -0.12 eV) are in good agree-
ment with experimental data [59] (-0.21 eV and -0.10 eV)
in case of Cu(Au) and Au(Cu), respectively. Moreover,
we check that the TB-SMA model can reproduce the en-
thalpy of segregation of the solute at the surface, ∆Hseg

defined as:

∆Hseg = Etotsurface(solute) − Etotbulk(solute) (4)

where Etotsurface(solute) (respectively, Etotbulk(solute)) is
the total energy of the system when one solute atom is at
a surface site (respectively, a bulk site). A negative value
of ∆Hseg means that solute segregation is favored at the
surface. To get a relevant database for checking the valid-
ity of our TB-SMA model, we have performed DFT cal-
culations to determine ∆Hseg. The projector-augmented
wave (PAW) method [60, 61], as implemented in the Vi-
enna ab initio simulation package (VASP) code [62] was
used. The generalized-gradient approximation functional
of the exchange correlation energy was calculated within
the Perdew, Burke, and Ernzerhof formulation (GGA-
PBE) [63]. The cut-off energy was fixed at 400 eV and
the positions of the atoms in the supercell are relaxed un-
til the total electronic energy differences fall below 10−6

eV. Au and Cu surfaces were calculated using slab mod-
els with a 3×3 surface unit cell, five layers and a vacuum
region of 15 Å. The two-bottom layer were frozen in the
relaxed bulk positions, while the topmost four layers were
allowed to relax. The Brillouin-zone integrations for sur-
faces were performed on a Monkhorst-Pack (3 × 3 × 1)
k -point mesh.

(100) (111) (110)

Au atom in Cu matrix -0.23 -0.22 -0.25

(-0.37) (-0.32) (-0.43)

Cu atom in Au matrix 0.15 0.12 0.08

(0.46) (0.42) (0.37)

TABLE III. Segregation energies (in eV) at different surface
sites of one Au (Cu) solute in a Cu (Au) matrix from our
TB-SMA potential. DFT values are indicated in bracket.

As seen in Table. III, although our TB-SMA model is
not quantitatively perfect, it still succeeds in reproducing
the significant trends revealed by the DFT calculations.
In the case of Au (Cu) solute, our calculations show
a negative (positive) value of ∆Hseg for the first layer
whatever the surface considered. This is in agreement
with the DFT data suggesting that gold segregation is
favored for all surfaces unlike Cu which has the opposite
behavior.
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• Monte Carlo simulations

This atomic interaction model is implemented in a
Monte Carlo (MC) code in the canonical ensemble,
based on the Metropolis algorithm, which allows to
relax the structures at finite temperature [47]. In the
canonical ensemble, MC trials correspond to random
displacements of randomly chosen atoms and exchanges
between two randomly chosen atoms of different species.
The average quantities are calculated over 106 MC
macrosteps, a similar number of macrosteps being used
to reach equilibrium. A MC macrostep corresponds to
N propositions of chemical switches and N propositions
of random atomic displacements, N being the total
number of atoms of the cluster.

H.A. thanks B. Legrand for fruitful discussions.
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