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Ordering and surface segregation in Ce..Pt. nanoparticles:
A theoretical study from surface alloys to nanoalloys
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Monte Carlo simulations within a tight-binding Ising model (TBIM) have been performed on bulk, surfaces,
and nanoclusters of Gg-Pt. alloys in order to describe and understand the competition or synergy between
surface segregation and chemical ordering phenomena in nanoalloys. Considering effective pair interactions
(EPIs) up to the third neighbors, we put in evidence new ordered phases at low temperature in the Co-Pt bulk
phase diagram. On the in nite (100) and (111) surfaces, the Pt surface segregation leads to select the Pt-rich
plan at the surface without modi cation of the bulk ordering in the (100) orientation but with an extension of the
ordering on a larger composition range in the (111) orientation as compared to the bulk. The truncated octahedron
clusters of 405 and 1289 atoms are studied. Their chemical structure is compared in their core with the bulk
phase diagram and in their facets with the (111) and (100) in nite surfaces segregation isotherms. The cluster
core presents an asymmetry as compared to the bulk phase diagram. The (111) facets are similar to the (111)
surface, whereas the (100) facets present geometrical frustrations for the segregation versus core ordering.

DOI: 10.1103/PhysRevB.91.035407 PACS number(s): 7.20.Be, 61.66.Dk, 68.35.bd, 45.70.Mg

I. INTRODUCTION size 3,44,47,50], which has been experimentally con rmed

. . ._by high-resolution transmission electron microscad§] pnd
The §tudy of chem|pal ord.erln'g and surface sggrggatlo%y synchrotrorX Sray diffraction P8]. Moreover, the nature

effects in nanoalloys is crucial in the characterization ofOf the transition displays a rst order type as in the bulk as

fjhelr pgoptirtles and aF;J|I|cat|ortls$]. “INatnoa!onls’;j.currently th shown by the experiment& @] and theoretical$3] evidences
escribe the nanoparticles or nanociusters including more phase coexistence between the ordered and disordered

one metallic species3]. In such systems, the surface plays a hases even though there is a smoothing with decreasing
major role. Except for very small clusters made of less than ong  sier size42,44,47,52).

hundred of atoms, where almost all the atoms are located at Theoretical studies are rarely devoted to both variable

the surface, itis possible to distinguish a surface and a core fQt,, centrations and temperatures. We have extended the de-
other systems with a few hundreds to a few thousands of atomgintion of bimetallic nanoparticles to the whole concentra-

(a few nanometers in size) to be compared to in nite surfacg;g, range of CecPt alloys and different temperatures in
and bulk systems. Bulk alloysl] and surface alloys3-13] 1 ger to draw nanoalloys phase diagrams. This is performed

have been the subject of intensive studies at the end ofthetwe[]éing Monte Carlo simulations in the semigrand canonical
tieth century. We will show now how core ordering and Swfaceensemble and a tight-binding Ising model where the energetic
segregation in nanoalloys can be compared respectively 1, ameters have been tted tab initio calculations and
bulk phase diagram and alloy surface segregation in ordegemiempirical interatomic potential (TB-SMA: tight-binding -

rstly, to get a better understanding of the nanoalloys structureye onq moment approximation) in order to take into account in
and secondly, eventually, to describe speci ¢ behaviours iny, effective way both chemical ordering tendency and atomic

nanoalloys which dobnot_ exist in (_Jtrtler syf/stems. d thin 1ms Sructure rearrangements due to lattice mismatch between the
Co-Pt systems, beginning with surfaces and thin mS vvo components.

[14-20] and more recently nanoalloy21-3§], have been After describing the model and method in Sék. the

studied experimentally for decades because of their speci g, alloy phase diagram issued from our calculations will be
magnetic and catalytic properties. For example, the effec resented in Sedll . SectionlV will be devoted to the (111)

of the chemical order on the electrocatalytic activity of : -
model PtCo electrodes used in fuel cells has been evider nd (100) alloy surfaces at high and low temperatures, i.e.,

recently B9,40]. Theoretical investigations have been o the disordered and ordered states. Finally, we will present
y B9, 9 PEr™ the results on nanoalloys considering truncated octahedra of
formed on alloy surfaces7f11], and nanoalloys of Fe-Pt

405 and 1289 atoms in the whole composition range in the

or Co-Pt 1-53. The studies on nanoparticles have been isordered and ordered states, depending on the temperature, in
mostly concentrated on the equiatomic composition, becaus% .  dep gont P Y
ecV and the conclusions, and perspectives in the last section.

of the high magnetic anisotropy of the d.brdered phase
in (Fe,Co)-Pt systems, which is expected to compensate

the superparamagnetism of nanoparticles used for the next- II. MODEL AND METHOD
generation recording media for ultrahigh density data storage. _ o )
One crucial question was to characterize the order-disorder A. Tight-binding Ising model (TBIM)

transition temperature as afunction of the cluster size since the- In bimetallic alloys, the alloying effect comes from the
oretical models agree to conclude that it decreases with clusteifference between the atomic d-band levels of the two

1098-0121/2015/91(3)/035407(14) 035407-1 ©2015 American Physical Society
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components (called the diagonal disorder), and the small part TABLE I. DFT and TB-SMA calculations of the lattice pa-

of the energy coming from the chemical con guration can berameters, cohesive energy and surface energies of the pure metals.
expressed, on a rigid lattice, in terms of effective pair interacExperimental values are taken from Kittel (Wiley, New York, 1996)
tions. This is the tight-binding Ising model (TBIMBJ54] in  and Simmons and Wang (MIT, Cambridge, 1971).

which the Hamiltonian writes

a Econ (111) (100) (110)

H™M = ppmVam+  Pn h o+ h S (1) (A) (eV/at) (eVat.y (mJ m?)

n,m n

Co

wherepy, is the occupation factor of one of the species equal tdFT 3.52 $5.35 0.682030 0.962470 1.312400
1 if the siten is occupied by an atom of this species, or 0 if not. TB-SMA 3.52 S55.35 0.782330  0.942425  1.392540
Vhm is an effective pair interaction (EPI) between the atoms aExp. 3.54 S4.45 1.002590

sitesn andm, which determines the chemical preference forPt .

hetero- or homoatomic bonds, leading to orderivg,(> 0) DPFT ~ 3.98 5553 0.641500  0.911850  1.311870
or phase separatiorV{m < 0). In the face centered cubic TB-SMA 3.98 5553 0.681590 0.851720 1.301860
structure (fcc) it has been showdy that rst-neighbor Exp. 3.92 55.86 1.192480
interactionsv ! (for sitesn andm rst-neighbors) dominate as

compared to the followingy?, V3, V4. Therefore in general, each reciprocal lattice vector. The cohesive energy, lattice
we consider only rst-neighbor pailé'. However, to stabilize  parameter, and surface energies have been calculated for Co
the L1y phase of CoPt alloy with respect to theB, one, itis  and Pt, using spin-polarized calculations for Co (see the results
necessary to go at least to the second-neighbor BRI6,47] in Tablel).

with V2 < 0. We also use a semiempirical potential derived from

The second term of Eql) corresponds to a local con- the second moment approximation of the density of states
tribution to the energy induced by inequivalent geometricalin a tight-binding model (TB-SMA) 0] to complete the
environments in inhomogeneous systems like surfaces otting procedure. This potential has been tted both to
clusters. It is composed of a cohesive terth () and a DFT calculations (Tabld) and to the experimental Co-Pt
relaxation term f 52 due to size mismatch between the pulk phase diagram5p,61-63], especially to respect the
two elements. They are nonzero for sitesvhich belong to  experimental order/disorder transition temperatures which
the surface writterh  and h *“¢inthe following. h isequal results in overestimated and asymmetric mixing enthalpies
to the difference of the site excess energies of the two elemenis the tight binding model as compared to thé initio
(favoring the element with the lowest one to segregate)values (see the corresponding mixing enthalpies BigT his
h sz¢js calculated within a many-body interatomic potential js a new version as compared to the one used in previous
(TB-SMA) where an impurity differs from the matrix only by studies $0,53] where only the order/disorder transition at
its atomic radius. equiconcentration was investigated.

As a consequence, the TBIM presents three phenomeno- There are three different TBIM parameters to be tted: the
logical effects to control the surface segregation: the alloyingePIs,V, the cohesive effecth , and the size effecth Size
effect, which favours the segregation of the minority elementrhe EPIs have been tted both @b initio and TB-SMA po-
whenV < 0, orthe majority elementwith an oscillating pro le  tential up to the third-neighbor interactions by calculating the
whenV > 0; the cohesive effecth{ ), which promotes the
segregation of the element with the lowest cohesive energy; Co-Pt Bulk Alloy
and the size effectlf ¢, which promotes the minority atom 0B -
when it is the biggest one.

B. Co-Pt TBIM parameters
= -100

Even though the TBIM parameters could be directly;
calculated from the electronic structure of the d|sordered9
system, we have chosen here to derive them from total energyE
calculations performed either by rst-principles calculations, =

-150—

semiempirical many-body interatomic potentials (TB-SMA) 2007 ©-® DFT - GGAIPAW

and from the experimental transition temperatures of the bulk g, | =8 SMA new

phase diagranb. I SMA old ]
The rst-principles calculations are performed within the 34 \ \ \ \

density functional theory (DFT) using thesp code with 0 02 04 06 0.8 1

the generalized gradient approximation (GGAY|[and the o

projector augmented wave (PAVB4 59 interaction potential FIG. 1. (Color online) Mixing enthalpies of the bulk Co-Ptalloys

between the ions and the electrons. Thand d valence ¢ stoichiometries G®t, CoPt, and CoRwith the DFT calculations
electrons are considered for each metal with a cutoff energyplack circles), TB-SMA used in this study (red squares) or an other
equal to 600 eV for plane wave basis set. The Brillouin zongarametrizationq0,53] (green diamonds). Full symbols represent the
integration is performed with the Monkhorst-Pack scheme_ 1, and L1, phases, whereas empty symbols represent the Bx@
with k-point mesh comprising 12 to 19 subdivisions alongA,B, phases.
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energy difference between isolated and near-neighbor impuriu(Ag) systemg5]. We use alinear extrapolation for different
ties, taking into account atomic relaxations. The reason for goeoncentrations between the two diluted limits.

ing to third neighbors is that we nd positive values fét and

V2 both by DFT and TB-SMA calculations. Thereforé must C. Monte Carlo simulations

be positive to stabilize the lgJphase with respect to the,B,

one M] given the expressions of the mixing enthalpies per atom We performed.Monte Carlo simulations in canonical and
of these phases a€ 1, =3 4V1+ OV2 S 8V3(+OV4 + semigrand canonical ensembles. In the rst case, the concen-
0

o —&ayl& /28 av3(SavA + ... - tration remains constant and the Monte Carlo trials consist in
S33/’1E (/)A\z/Bﬁ S 2\/43\€+ OSV\L{ +S4\)/ (fn‘;VE ):' gEsblﬁ &  exchanging the positions of two atoms of different nature. In

12 & ay3(Sov4 ’ D022 the second case, the difference of the chemical potential of
5 ( + .. )

the two elements remains constant, which determines the
average concentration. The Monte Carlo trials consist in
permuting the chemical nature of one atom. In each case,
we keep the same number of atoms in the simulation box.

The Metropolis samplin ensures that we reach a
V2= 16meV, and/? = 16 meV. b pling 66

Concernina th hesive effect for surf reqation WBoItzmann distribution of the chemical con gurations at
oncerning the cohesive efiect for surface segregation, .gquilibrium, this means the number of Monte Carlo trials is

I%ane?(t)rt]';ﬁ ttr?:tofﬂ'h:O'?tczurfaﬁ.ihege.rng}/acglrcgflat‘:]idPliys DrfF;;:; uf cient to get reliable averages of physical quantities. In
W  WHIGH 1S 1N 1oV u the Metropolis Monte Carlo, a trial is accepted if it lowers

segregation, as already obtained by Dannenkeérgl. [64. the total energy of the system. If not, it can be still accepted

However, experimentally, the difference in surface energie%vithaprobability equal to exﬁ?(kE—T),whereE is the energy

IS very Sm?” _and, as a consequence, thell:n(:;?fference Chang‘aﬁference between the con gurations before and after the trial,
of sign as it is expressed in eV/at. or in because of k is the Boltzmann constant, aiidthe temperature.

the difference in lattice parameter between Co and Pt. The 'y, performed twenty- to forty-thousand macrosteps in

Ei(r:zr:setg:r ' vgzlt(\;\t]elesn %Tf;: dt%(t)h%iﬂlfézrexr;cc%énlguersce each simulation after leaving the system to equilibrate during
gy ' ' ve- to ten-thousand macrosteps. Each macrostep consists of

(in favor of the Pt segregation) for each surface site, which als%roposing randomly to any atom of the box a Monte Carlo trial

ts with the TB-SMA differences of excess energy for the edge exchange or permutation), repeated as many times as there are
and vertex of truncated octahedron (TOh) clusters between C oms in the box

and Pt, which are equal ©90.11 and50.10 &V, respeciively. For the canonical simulations, we performed either heating

i size i H
Finally, the h parameters taking into account, on an and cooling runs starting respectively from low-temperature

efr'fectnl/e Ila;tl(ée\,/ithtehdlffer?ncetilnnSIZne r0f| the t\mo elemerr:ti,or ered con gurations and high-temperature disordered con-
are caicuiated via the segregation energies using a quenc rations. Then, at each increment of the temperature, we

molecular dynamic simulation and the TB-SMA potent|_al start with the last con guration. For the semigrand canonical

where the impurity differs from the matrix only by its atomic simulations, we started from pure systems, either Co or Pt, and

i size i i
Ejaﬂdltusd. Tﬁ'e valt:l(zls dci)f? . mare rgf;lven Iir': Tabflel f%;]hel tWtO . gncreased or decreased the chemical potential keeping the last
uted afloys a erent surtace sites of a CIUSIEr Ol guration as a starting con guration.

1289 atoms. Whereas in the Co impurity case [Pt(Co)] the
size effect increases with the number of cutting bonds at

the cluster surface towards a weak Co segregation, the size D. Order parameters

effect is not monotonic in the Pt impurity (which is the largest ~ The face-centered cubic (fcc) lattice constitutes four simple
atom) being the highest for the (100) facet in favor of Ptcubic sublattices as illustrated in Fig. The ordered phases
segregation. The reason of such an effect comes from thare de ned by an alternate stacking of pure atomic planes in
atomic contraction of the distances in the low coordinated sitesne direction for the Ly and pure and mixed atomic planes
(edge and vertex) leading to a weakening of the Pt segregatidor the L1, phase. TheA,B, and DQ, (Fig. 2) are some
atlow coordinated sites. Similar result has been obtained in the

TB-SMA calculations give a positive value for3, in
agreement with a cluster expansion study ttedato initio
calculations $2] where the EPIs vanished only beyond the
fourth-neighbor distance. We get the valu¥s:= 69 meV,

DO 22 A2 BZ
TABLEIl. TBIM h S?¢parameters obtained by TB-SMA calcu- ‘
lations of the segregation energies of one impurity differing from its
matrix only by its atomic radius for a Ptimpurity in Co matrix: Co(Pt) fcc O D C o 9

or a Co impurity in Pt matrix: Pt(Co) and for the different surface sites - - 1 L. L
of a TOh cluster of 1289 atoms. In the TBIM model, we use the Pt T ® 07» 7@ 1
concentration as reference so that the®*® parameters correspond S

to the segregation energy for Co(Pt) and the opposite value of the [ e [ ]

segregation energy for Pt(Co).

(ineVv) (1112) (100) edge vertex
Co(Pt) $0.21 $0.45 $0.30 $0.28 FIG. 2. (Color online) From left to right, the four sublattices in
Pt(Co) 0.05 0.07 0.11 0.17 the fcc structure: (black), (red), (green) and (blue), DQy,

andA,B, phases.
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FIG. 3. (Color online) Order/disorder transitions obtained from canonical Monte Carlo simulations for stoichiomefftic @uPt, and
CoPg alloys. The rst line represents the LROP, the second line the sublattice occupation rates, and the third line the calori ¢ capacity. The
heating (red) and cooling (blue) curves are quite indistinguishable.

alternatives to these phases, differing by their second-neighb@iobability to nd a mixed pairn" neighbor of this atom,

interactions. _ notedplg, equal to the average number of mixed pairé (
The long-range-order parameter (LROP) is de ned as aeighbor) normalized by the total number of' neighbor

function of the Pt concentration on each sublattice writgn  pairs. This SROP takes de ned values depending on the

c ,c ,andc . The LROP are then characterized for theRb  composition and the type of ordered phases as shown in

(L1,), CoPt (LY), and CoP4 (L1,) phases by the following Tablelll.

expressions:

LROP(CaP)= (c +2)S(c +¢c +c), (2
LROP(CoPt)= 3(c +¢c Sc Sc), (3)

CosPt,

LROP(COPf)= ¢ +¢ +¢ $ %s 2, 4)

>COF)t3
~CoPt = Co,Pt

where the sublattices are lled successively following the order
c >c >c >c.

To distinguish between the LA ,B, and the L1/ DO,, , I
in terms of LROP, it would be necessary to extend the number . > Co,Pt
of sublattices. Here, we chose to use the short-range-order
parameter (SROP) de ned by Cowleyd following the

expression 1 .
=18 PR o5 Pl 5) . 1=
c(1Sc) 1Sc o 9° 2
where P is the probability to nd an atom of typeA 8 0 -
nt" neighbor of an atom of typ&. This probability is n 1
equal to the probability to nd an atom of typB (equal 0.5~ N
to the concentration irB noted ‘t”) multiplied by the " il
12 -1 0 1 2
TABLE lll. SROP at rst- and second-neighbor distanceband H (eV)
) . :
depending on the concentration and the ordered phases. FIG. 4. (Color online) Isotherm of bulk GoPt. system at 100 K
1 2 2 obtained by semigrand canonical Monte Carlo simulations. The Pt
Lo/L1p A2B2/DO2 concentration and SROP for the rst {) and second neighbors
c= 0.25 S1 1 13 ( ?) are plotted as a function of the chemical potential difference
c= 05 Sv3 1 13 U = UpS Heo. The mesh of the compounds B and CePty
c= 0.75 13 1 79 are displayed (Co atoms in blue and Pt atoms in red). Co atoms are

smaller and in blue, Pt atoms are larger and in red.
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ll. TBIMC o-Pt BULK PHASE DIAGRAM occupation rates, and the heat capaCity= (g—E)V. We notice

The bulk is represented by a cubic box of 2048 atoméhat the heating and cooling curves are superimposed so

(with edge of eight times the lattice parameter) and periodid1€re is no_hysteresis phenomenon as it has been observed

conditions. The order/disorder critical temperature of the!SiNd the TB-SMA potential and Monte Carlo simulations

stoichiometric phases has been characterized by canonic4fth atomic displacement2§], even though the transition is
rupt and well de ned as a rst-order transition. The critical

simulations, increasing or decreasing the temperature with t

aim to increase disorder or order in the system. The results affder/disorder temperature at equiconcentration is 1100 K as
shown in Fig.3 where we can see the LROP, the sublatticestted. on the g)(_perlmental datébp,63. The L1, phases. ha\_/e.
equivalent critical temperature equal to 1030 K, which is in

good agreement with the experimental critical temperature
of the CoP$ phase $6,63] but not for the CgPt alloy

for which the critical temperature is lower (830 K&g.

This asymetry cannot be obtained with the present TBIM

model mainly because the EPIs does not depend on the
concentration.

The description of the full phase diagram is then per-
formed using semigrand canonical Monte Carlo simulations
at constant temperature. The isotherm at low temperature
(100 K) displays the ground states of the ordered phases
as a function of the difference in the chemical potential
L = UptS peoasillustrated on Fighwith different plateaus
of the Pt concentration as a function gf . The three larger
plateaus characterize the 1and L1y phases also de ned by
their SROP. The intermediate phases with smaller plateaus
correspond to compositions of 0.125, 0.375, 0.625, and 0.875
or to the compounds: GBt, CaPt;, CosPts, and CoPt. These

@
1000 - 7 .
| Al Al
m7 -
< L1, L1, L1,
— sol |
20+ /A4 s -
0 NS ANLANAANLN \

0 02 04 06 08 1
CPK
Co,Pt CosPt; CosPts CoPt,
1 (b)
0.8~
L /] 1000
- 0.6
- A1 L1, L1,
- <
0.4- =
(&) | 500
0.2- /| -
02 0.4C 0.6 08 1 0
Pt

FIG. 5. (Color online) Pt concentrations on the four sublattices FIG. 6. Bulk phase diagrams: (a) with EPIs up to the third
as a function of the nominal Pt concentration at 300, 500, and 800 Kneighbors and (b) with EPIs up to the second neighbors.
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phases result in our model from the extension of the EPIs tthe extension to the third neighbors of the EPIs modi es the
the third-neighbor interactions and are illustrated in Bithe ~ phase diagram at low temperature. Below 500 K, the domain
isotherms at higher temperature are shown in Fighere the  of the non-stoichiometric ordered phases are enlarged at the
Pt occupation rates of the four sublattices are plotted as expense of the phase-coexistence domains. There are also new
function of the Pt concentration in the alloy. At low Pt con- ordered phases at intermediate concentrations as mentioned
centration, the four sublattices are equally occupied, which ibefore:c = 0.125 (CgPt), 0.375 (CePt), 0.625 (CaPt),
characteristic of the disorderéd phase. Thenthereisagapin and 0.875 (CoRj} due to the third-neighbor positive EPIs.
concentration (the hatched regions) which represents a coexis-

tence domain between IHQ andthe L2 phase. The Lzlphase IV. TBIM Co-P t (111) AND (100) SURFACES

is characterized by one sublattice populated with Pt and the _

three others equally occupied by Co. The nextordered phaseby A (111) and (100) surfaces at high temperature

increasing Pt concentration and around the equiconcentration in the disordered state

is the Ll ordered phase, which is characterized by the The (111) surface is simulated using a box with atomic
sublattices equally occupied two by two. Then the isothermg111) planes of 100 atoms, periodic conditions inxhendy

are symmetric in the Pt-rich domain. We can observe thelirections, and 30 planes in tlzedirection without periodic
variation of the width of ordered phases and phase coexistene@ndition (3000 atoms). The (100) surface is simulated using
as a function of the temperature. This leads to the bulk phasg00) atomic planes of 128 atoms and periodic conditions in
diagram in Fig.6(a) As compared to the well known one for thex andy directions, and 29 atomic planes in théirections

V1> 0andV?< 04,6970 [Fig. 6(b)], we see clearly that without periodic condition (3712 atoms). We performed Monte

— vertex
— edge
(100) TO
1 hysee (100) surface (111) surface c
1 T T T B T T T I T T T T T C
T LI B L P 4 L B B a 1
0.8 - S 7 S
506 - T 27 Al %
2041 -/ - £~ .
0217 Lol _1 NN JAN .
Gog_wflfl' L L B B e ML L B B ¢
o 0.8~ - T 7 ]
T 0.6 — -+ =
> 0.4 - . .
o var B T _z ]
s 02 DA 7 L]
§ Q _. : | T | T | T | } | I | I | I I .4.?___ I | I | I | I I._._
© 08 n B -
5§06 n T .
§8-‘21_— - xT /. .
8 0_ N | 1 | 1 | 1 | T P! | 1 | 1 | 1 | |__|| 1 | | | 1 | |‘_
gost - + €
T 06" i T E
goa7 - T/ -
@02 I 4L -
0 A5 I I NI NN i BRI IR I SN AN I B R B
0 02 040608 @ 02 040608 @ 02 040608 1
Cpt Cpt Cpt

FIG. 7. (Color online) Segregation isotherms at 1200 K for the surface sites (vertex, edge, facets) of a truncated octahedron (TOh) of 1289
atoms of Ce..Pt. and for the (100) and (111) in nite surfaces of L®t, and their decomposition concerning, the three driving forces to the
segregation: alloying, cohesion, and size effects. In the case of the clustes; tacentration is the concentration of Pt in the core of the
cluster to get a better comparison with the in nite surfaces.
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(100) surface (111) surface B. (100) and (111) surfaces at low temperature
T = 1200 K T = 1200 K in the ordered state
I 717 1 I T 1] The segregation isotherm at 300 K of the (100) surface is
0.75 075 7 plotted in Fig 9. The system is ordered as can be checked by the
C03Pt 0.5 - 05F ] sublattices occupations [Fi§(b)], which are similar to that
0.25H :lj=7 o.zs%ﬂ— of the bulk 300 K isotherm (Fig5). The ordered structures
Py M 5 Y IO Y PR RO R N present a stacking of pure or mixed planes, parallel to the
> 10 159 5 19 15 (100) surface, so that we can distinguish the sublattices
0.75] Jo7s- ] on the even Iayersz’p [Fig. 9(c)] and the , sublattices on
CoPt  os{ | osH——— 1  the odd layers;,, ; [Fig. 9(d)] across the slab starting with
0.25 o5l ] the index O at the surface layer. This implies the following
ol 1 v 1 11 ol Lo 1y 1] relations between the surface concentration and the sublattice
> 0 b0 s 9 15 concentration:
0.75H Fo—=——=0.75/ - 100) _ 1 100) _ 1
COPE 05’_J - osf ] C(ZD = 2 Cp ¥t Cyp s Cgpd" 2 Copr1 Copen - 6)
0.25 o5l ] First of all, we notice that all the sublattices per layer in the
ol 1 v 1 11 ol [ . 1 ., 11 slab are equally occupied except the surface and subsurface
0 5 1o 15 0 5 1015 ones. Thenwe notice in Fi§(c)that the surface sublattices

layers layers .
andc, are almost equivalent to the underneath layers, except

FIG. 8. (Color online) (100) and (111) surface pro les at 1200 K small disparities in the disordered Co-rich phase and in the
of CosPt, CoPt, and CoRt The experimental results are drawn in overstoichiometric L1 CozPt phase where the surface is a
red: C@Pt(100) (Gauthieret al. [18]), CoP§(100) (Bardiet al. [ittle enriched in Pt as compared to the bulk as demonstrated
[1415), CosPt(1ll) (Gauthieret al. [17]), and COPY(1l1)  py the slight discrepancies between tgeand thec,, curves.

((j(_Sauthieret gl. [16]). The experiments are generally performed on Concerning the subsurface sublattigeandc, as compared
isordered single crystals at room temperature. )
to thec,,,, andc,;,; ones across the slab, we notice also
that the subsurface sublattices are slightly differently occupied
with a slight Co subsurface segregation in the for the
Carlo simulations in the semigrand canonical ensemble givinginderstoichiometric LACoPg phase and aslight Ptsubsurface
segregation isotherms (Pt surface concentration) as a functigfrichment in the, sublattice for the overstoichiometric ».1
of the bulk Pt concentration. At a temperature of 1200 K,COP& phase. - _
above order/disorder temperature, the systems are disordered 1he surface composition [Fig(a] along the whole com-
and we follow the concentrations per atomic plane. Starting?0sition range follows the surface sublattice concentration,
from the surface, the rst four concentrations have beeraveraging they, andc, for the ¢ surface and the, andc;
plotted for the (111) and (100) surfaces in Fig.For both  for thec; subsurface composition, and so on ¢grandcs, as
surfaces, we notice a Pt surface segregation, stronger in tfRxpessed by Eg6). There is not really a Pt surface segregation
(100) surface than in the (111), and an oscillating pro le, asbutrather the simple manifestation at the surface of the ordered
expected for systems with an ordering tendency. This is irstructures of the bulk phase diagram. In the disordered Al
good agreement with the experimental studie$-18). The  phases, the Pt surface segregation follows qualitatively the
oscillating segregation pro les are displayed in F8do better ~ one of the high-temperature isotherms (Fgy.but with an
compare with experimental results. ampli cation effect due to the lower temperature. The two
Figure7 shows also the decomposition of the segregatiorsurface sublattices are equally occupied by Pt atoms and
isotherms in terms of the three driving forces for surfacesigni cantly beyond the bulk Pt composition.
segregation. The alloying effect, namely, the effect of the If we consider now each of the bulk ordered phases, we can
EPIs, leads to the segregation of the majority species and tHgake the following remarks.
amplitude of the segregation is proportional to the number of (1) For the CgPt phase, we observe a stacking of mixed
cutting bonds. The cohesion effect, which is the same for th@nd pure Co layers, with a mixed surface, t{x 2) ordered
two surfaces, contributes to the Pt segregation at the surfaglrface structure, which has been observed experimentally by
and concerns only the surface plamg) (as the size effect. low-energy electron diffraction (LEED) and scanning tunnel-
This last effect promotes the Pt segregation on a large range #fg microscopy (STM) 18]. The experimental superstructure
concentrations, except in Pt-rich alloys where there is almogs €ven more complex since it presents close-packed rows
no segregation induced by the size effect. The size effect arghifted by half the interatomic distance, leading toe §),
cohesion effect are suf cient to offset the ordering effect in (1% 6), and (X 7) patterns between which tieg2x 2) surface
the Co-rich domain leading to almost no surface segregatiophase takes place. The rigid lattice model used here is certainly
in the (111) surface and a slight Pt surface segregation ofp0 simple to reproduce thexh) rows where the local atomic
the (100) surface in this composition domain. In the Pt-richrearrangement is probably due to lattice strain.
domain, almost all the driving forces (except the size effect (2) From the CgPt to the CoPt phase, the surface
in the diluted domain) lead to Pt surface segregation and thBt concentration accommodates the stoichiometry variation
alloying effect seems predominant over the other effects.  between the two phases following tbg sublattice variation
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FIG. 9. (Color online) Segregation isotherm at 300 K for the (100) surface. In (a), the surfa@nd next planesc(, c,, andcs) Pt
compositions. In (b), the sublattice occupations in the whole slab. On the right, the sublattice concentrations for each layer parallel to the
surfacec;'  splitted between the even (graph (c)) and odd layers (d). The hatched areas correspond to the forbidden areas (phase coexistence)
which means there are no Monte Carlo points in these areas but we plotted a continuous line for better visibiti{gx Phg.00) surface
ordered structure is illustrated in the bottom with Co atoms (in blue) and Pt atoms (in red). Co atoms are smaller and in blue, Pt atoms are
larger and in red.

with a slightly Pt surface enrichment as compargd to up to the surface. Out of the stoichiometry, we observe a slight

c,.. More precisely, the slight surface enrichment concernsco enrichment of the subsurface for the understoichiometric
ozrgly the overstoichiometric Get phase. Then, there is no alloy and a slight Pt enrichment at the subsurface for the

more difference between the surface and the buskiblattice overstoichiomet_ric alloy before to recover thezLﬂhase_. .
starting from the C¢Pt; to the CoPt phase As a conclusion, at low temperature, the (100) orientation

(3) For the CoPt phase, we observe an alternate stacki esents schematically two remarkable segregation pra les,
of pure planes with a Pt términation at the surface. For th pending on the composition of the alloy relatively to the

o X . CoPt equiconcentration. For the Co-rich alloys, the surface
understoichiometric CoPt phase, the surface Pt concentratiqp composed of a mixed plane with stoichiometry variations

evolves strictly as the,, sublattice. _according to the alloy stoichiometry and the rst subsurface
(4) From the CoPt to the CoPphase, the surface remains plane is almost Co-pure. For Pt-rich alloys, the surface is Pt

Pt pure and the subsurface begins to be lled in Pt followingpyre and the rst subsurface plane is mixed with stoichiometry

the c,,, , sublattice. Here again, the subsurface occupatioyariations according to the alloy stoichiometry.

varies slightly as compared to the bulk ones resulting in a Now we consider the segregation isotherms at 500 K for

weak Co subsurface enrichment, following the same tendenae (111) surface as plotted in Fifj0. We have chosen this

in the CaPt; phase. temperature to avoid the g®t; and CaPts ordered phases,
(5) For the CoPRtphase, the surface is naturally pure in Ptwhich could complicate the description, without bringing

and at the stoichiometry, the alloy is ordered with the pfiase  important results. In the (111) orientation, each plane parallel
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equally enriched in Pt, increasing smoothly tgeurves up to

g

g1 T | Pt increas

= 08 //» B . the equiconcentration, which is almost reached near the phase
oL - 1= 2 coexistence domain between thelahd the L} phases. Then

& 0.6 A 4 & the sublattice becomes to be lled with Pt, whereas the
304; :// N cz other and remain equally Co rich. This corresponds to the

g [ / i rst plateau on the segregation isotherm with the (3(111)
So2l 7 . surface structure on the LI1CoPt bulk ordered phase. We

n s . . . .

= I / il ‘ | | T notice a surface segregation effect since the surface sublattices
% % 0.2 4 06 0.8 — G are well distinct from the bulk layers ones. Indeed, the surface
§ 1 ‘ ‘ — ¢ stoichiometry is achieved before it is achieved in the bulk.
S T . c At c= 05+ ,the and sublattices increase abruptly at
008 ] 0 the surface, whereas in the bulk, they increase more slowly
Sosk ™ % to accommodate the variation of stoichiometry of they L1

3 r 41— % phase up to the limit of the phase coexistence with thg L1
2040 A— ¢ CoPt phase. This surface Pt enrichment is at the origin of
%o_z; ] Cp a remarkable step in the segregation isotherm. This second
2 E P plateau is associated to the la§?x 2)(111) surface structure,

& % 0‘.8 — 5% which consists in an ordered layer of the,ldoPt bulk phase

occurring at the surface before that the,Ldomposition is

TOh405 TOh1289
1 R ‘ 1 V= —
0.8— /\ — 0.8 —
c(2x2)(111) (2x1)(111) c(2x2)(111) i |
~0.6— — 0.6 —
FIG. 10. (Color online) Segregation isotherms at 500 K for the &
(111) surface with the surfaceg] and next planes, c,, andcs) Pt 2 0 |
compositions, and the sublattice concentrations for each layer paralle(1) 04 4 oaf] B
to the surface; . The surface sublatticeg'*  are highlighted ~ TZ300K 1
by thick lines. As in Fig.9, the hatched areas correspond to the 02 T TZE0K oa |
forbidden areas (phase coexistence), which means there are no Monte — TS0k ‘
Carlo points in these areas but we plotted a continuous line for better — T=900K| |
visibility. Different (111) surface ordered structures are illustrated in o e as s 1 % o it os o5
the bottom with Co atoms (in blue) and Pt atoms (in red). Co atoms C CP
are smaller and in blue, Pt atoms are larger and in red. Pt t
TOh405 TOh1289

to the surface contains the four bulk sublattices (; and )

(as de ned in Fig.2), which was not the case for the (100) ' )2l ' C
surface where each (100) plane contained two bulk sublattices I | I |
so that two (100) planes were needed to characterize the bulk o8- - o8- T
mesh. The composition of each plane parallel to the (111) L ] | ]
surface is then an average of the four layer sublattices sothat | 1 ol |
—
M= 2c +c,+c+c, . (7) O\:i . I ]
In Fig. 10, starting with low Pt concentration, we observe a o4 — 1T | ]
linear variation of the surface concentration corresponding to " T=300K[1 [ 1
the variation of the composition of the disordered Al phase, o2 — Tisookld o2l |
which extends up to the L1CosPt ordered phase. Then, the I ~ rlaonl| | ]
sublattice begins to be lled rst in the bulk and then on — T=900K
the surface so that we observe a slight Co surface enrichment % o2 02 o8 08 1 % o2 04 o6 08 1
whereas there is almost no segregation at high temperature and CPt CPt

same composition. At = 0.25 and beyond, the sublattice

is lled by Pt atoms, whereas the other are equally lled with g1 11. (Color online) Segregation isotherms at various temper-

Co atoms leading to the(2x 2)(111) surface structure which atures from 100 to 900 K for the (100) and the (111) facets of the

corresponds to any layer of the 4 CozPt bulk structure.  clusters of 405 and 1289 atoms as a function of the cluster core Pt
For overstoichiometric Ld alloys, thec;' sublattices are concentration.
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reached in the bulk. So that tleé2x 2)(111) surface structure when we lower the temperature so that at low temperature,
is obtained already at the limit of the phase coexistence domaitihe (2x 1)(111) surface structure is indeed obtained because of
with the L1, phase, because of the surface segregation of Pt isurface segregation on the 4 CozPt alloy, which is in good
thec, andc, surface sublattices. At the coexistence domainagreement with experimental results.
the surface sublattice remains lled whereas thene goes To conclude on the (100) and (111) surfaces at low
down before to increase more strongly than the butines.  temperature, the bulk ordering controls the overall surface
This is the last manifestation of the Pt surface segregatiorcomposition on the two surface orientations, selecting the
which leads to a pure Pt surface on the,L@oPt bulk  Pt-rich layer at the surface of the alloy. There are, however,
phase. surface segregation manifestations on the (111) surface for
As a conclusion, for the (111) orientation, the bulk orderingoverstoichiometric compounds which lead to anticipate the
controls the surface terminaison at the stoichiometry leadingurface composition and structure on the next ordered bulk
to the c(2x 2) for the L1, CozPt and CoRf phases and the phase (increasing the Pt content).
(2x 1) for the CoPt L phase. Out-of-stoichiometry, Ptsurface  Concerning the equiatomic composition, there is no ex-
segregation modi es the surface composition as compared tperimental comparison, howevab initio calculations §4]
the bulk in the ordered domains. For the overstoichiometric L1 showed that the Pt covered 11111) surface presents a
CosPt phase, surface segregation leads to thelfsurface particularly low surface energy, possibly suf cient to over-
structure before the lgICoPt bulk phase domain. For the over- compensate the energy cost of the Istructure as compared
stoichiometric L} phase, the(2x 2)(111) surface structure to the L1 one, to stabilize the core/shell icosahedral structure
occurs before the LL1ICoPg phase domain. Finally, the (111) in equiatomic nanoparticleg$,49].
surface becomes pure in Ptin the overstoichiometrigldPg
phase, whereas each bulk layer havec(@8 2)(111) structure.
So that here also, the surface displays a Pt segregation as
compared to the bulk ordered phase, in good agreement with The segregation isotherms have been calculated on trun-
experimental resultslp]. cated octahedra (TOh) of 405 and 1289 atoms in a semigrand
Experimentally, the (2 1)(111) surface structure has been canonical ensemble. The truncated octahedron is the equilib-
observed by LEED and STMLJ] for the CagPt alloy. In  rium cluster shape with the fcc structure. We consider two
our calculations, the rst step in the isotherm is more abruptdifferent sizes in order to study possible size effects. The

V. TBIM Co-Pt NANOALLOYS

TOh1289
1 1 :
L l L }, P llo—o ¢
0.8~ AL o8- oo ¢
~ o6F ~{ o6 j . c
- B - L1 1| o—o
- 0.4~ 1 oal /M2y ol He ) c
%A 120 4 ]
O O 1 1
1 1 | T | — |
B T B L1 /‘%/ 1| — vertex
0.8 - 0.8 2 ’ —| — edge
- 1 - /¥ 1 (100)
Losr- - 06 Y = a1
=L 1L i
O o04f ; L1, - 04 7 2.0 4
[ 1 %4 L1, ]
o2ff /— 0.2 .
ok / N AT A W W ]
0O 02 04 06 08 1 0 02 %.:4 06 08 1
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FIG. 12. (Color online) Sublattice occupatian (- ) and segregation isotherms;g) at 500 K for the 405 and 1289 atoms TOh clusters
illustrated on top with the color corresponding to the four sublattices as de ned in the bulk.
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L, L1, AL

1289-atoms TOh is illustrated in Fig. where the vertices,
edges, (100) and (111) facets are distinguished by the same
color as in their segregation curves. At high temperature
(1200 K, Fig.7), we noticed there is a signi cant Pt segregation
on the (100) facets, mainly due to size mismatch effect
as for the innite surfaces. The (100) and (111) facets
segregations are similar to the (100) and (111) in nite surfaces,
respectively.

By lowering the temperature down to 100 K, we can see
in Fig. 11 that the segregation isotherms on facets of the two
cluster sizes become nonmonotonic. They display plateaus or
cusp, which can be associated to the ordering of the clusters at
low temperature. i 0.6 08 1

The ordering of the clustersis illustrated in Fi@where we C ' '
can observe, by considering the occupation of the correspond- Pt
ing sublattice, that the cores of the two clusters of different size
are ordered as in the bulk alloy. This is a nice veri cation that
the cluster is well ordered at a temperature which is not so low,
i.e., 500 K. But this is also a temperature allowing to get rid of
the intermediate ordered phases found in the bulk below 500 K.
By the way, we can notice that the 405-atom cluster core, in
the coexistence domain between the, lahd L1 phase, is
rather disordered. We also notice that for this small size, the
ordered phase domains are much more asymmetric than in the
largest size where the domain boundaries look like the ones in
the bulk at the same temperature. 0.2 2

With the segregation isotherms at 500 K (FI1g), we get
a rst description of the overall segregation tendency on the
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the following we plot the core concentration in Pt instead of CPt
the global concentration. We will see at the end how it can be
sensible since the cluster is a nite object so that the nominal g5 13 (Color online) (111) and (100) facets segregation
concentration in a cluster is divided between its surface and itggtherms of the TORs and TOhugs as compared to the in nite
core. However, we would like rstto compare the S’3‘9reQationequivalent surfaces at 300 K. In the case of the clusterscihe
isotherms to the one obtained in the in nite surfaces, for whichconcentration is the concentration of Pt in the core of the clusters to
there is an in nite reservoir corresponding to the nominalget a better comparison with the in nite surfaces.
concentration of the alloy.

In Fig. 13, we plotted the segregation isotherms of the
facets of the clusters and the one of the in nite surfaces tahen decreases a little before to increase abruptly around the
be compared. The comparison is very good in the case afquiconcentration to form pure (100) Pt facets. To understand
the (111) facets for which we recall that the (111) surfacethese variations in the (100) facets segregation isotherms, we
presents essentially three different superstructures at the suvave to distinguish the (100) facets as a function of their
face, corresponding to the three stoichiometric ordered phasesientation in the space (Fig4) because their composition
CosPt, CoPt, and CoRtand a pure Pt surface layer for the can vary from one orientation to the other in theyldr L1,
overstoichiometric CoRtphase. This is almost what appears phase. This has to be correlated with the different variants
in the clusters except a slight shift for the clusters which havexisting in the bulk phases. In the _hulk fragment, there are
the tendency to start the steps at lower concentrations than two pure (100) facets along the™axis, chosen as the axis
the in nite system, especially in the Pt-rich domain. This is along which there is the alternance of pure planes, and four
due to the nite size effect of the cluster since, on the one handmixed lateral (100) facets in thec® and “y” directions. In the
the ordered CoRtphase in the 405-atom cluster is shifted to L1, bulk fragment and by optimizing the Pt concentration at
lower concentrations and, on the other hand, the surface of thtae surface, the facets are all mixed except for the ;6©®n
clusters is pure in Pt for core concentration of 70%, whereas ithe isotherms (Figl4), we can see that the concentration in
occurs at the stoichiometry of the CgRhase (i.e., 75%) for each direction is equal except around 25% in Pt for the 59h
the (111) surface. and around the equiconcentration for the two sizes. In the last

The comparisonis less simple in the (100) orientation wherease, the (001) facets in taadirection are almost lled by Pt
we observe two main differences. At low concentration of Ptatoms, whereas the other lateral ones are almost mixed. These
the (100) facet segregation is higher than on the (100) surfacepn gurations are illustrated on the equilibrated clusters at
reaching sooner the equiconcentration at the facets (forming300 K by the Cgg7Pbos and C@ssPlsa4 Structures and can be
plateau) than for the surface. Then, before the Copphhse, compared to the perfect bIhase as if the cluster remained
the segregation on the (100) facets goes through a maximuras a fragment of the bulk ordered alloy. This is a signature of

6
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FIG. 15. (Color online) Segregation isotherms at 300 K for the
CO301 PJ[104 CO197Ptyog |  COgsgPlass Cogay Plesy 1289 atoms TOh cluster as a function of the nominal Pt concentration
in the cluster and illustrations of the cluster con gurations at different
Pt concentrationsp; = 0.25 (a), 0.46 (b), 0.50 (c), 0.60 (d), and 0.85
TOhh TOh (e). Co atoms are smaller and in blue, Pt atoms are larger and in red.

T 1 I ‘/
L " i L /\' i
0.8 }(. _ 0.8 / ‘: _ are equivalent with the(2x 2) superstructure as in the in nite
L 'R i | /[ i surfaces, without any segregation or ordering frustration.
o 06 [ The equilibrated clusters adopt the same con guration as the
A\J | . | bulk fragment (CesgPtz41). This is no more the case for the

0.6—

{ 405-atom TOh where the (111) facets have edges with four
atoms and edges with three atoms leading to inequivalent
— (100) (100) facets: two of the six facets are pure Co in the bulk
| (010) L1, fragment (CgpiPto4), Which represents a frustration
ol v, N R W for the Pt segregation. As a result, the cluster displays two
0 0z Cg 06 08 1 0 02 G4 06 08 1 different con gurations depending on the stoichiometry. The
eore eore one with less than 20% of Pt presents only mixed (100) facets
(Cos32Pt73) but stacking faults in the alternance of the pure
FIG. 14. (Color online) Snapshots of the T@hand TOhyse  and mixed planes, which represents an ordering frustration.
around CgPt and CoPt compositions at 300 K (rst and second The other one with almost 25% of Pt (6Ptys) is almost
lines) as compared to the bulk Land L1 phase fragments in the similar to the bulk L% fragment so without frustration but we
third line. Segregation isotherms at 300 K of two opposite (100) facetgiotice that the exact composition of the bulk,lftagment is
taken two by two, following the three orientations: (100), (010), andnot achieved in average at 300 K.
(001) for the 405 and 1289 atoms TOh clusters. Co atoms are smaller Finally, we can summarize the results of the segregation
and in blue, Pt atoms are larger and in red. versus ordering in the clusters by giving the surface segregation
isotherms as a function of the nominal Pt concentration in
the cluster and some snapshots on selected compositions
a strong tendency to order in this system, without frustration(Fig. 15). We show on this graph the core concentration and
by segregation effects. However, out of this stoichiometry, Ppoint out the stoichiometry of the ordered phase to show
surface segregation tends to form pure (100) facets, as in thbeir correspondence with the nominal concentration. The
in nite surface, keeping almost the same core concentratiorore is generally depleted in Pt to compensate the Pt surface
but increasing the Pt concentration on the facets. This leads tegregation, except at low Pt concentration (below 25% of Pt)
an out-of-stoichiometry Ld ordered phase with almost pure where the (100) Pt segregation is compensated by Co segrega-
(100) facets as illustrated by the {gePt1> and C@o7/Ptsg2  tion on the edges and vertices. We draw ve typical snapshots
structures. This results in a competition between the coref the 1289 TOh cluster at room temperature. At the nominal
ordering and the surface segregation. concentration of 25% of Pt, the core is almost of the same
Inthe L1, CosPt ordered phase, things are more subtle thatomposition as the nominal concentration and the cluster
in the L1y phase since they can depend on the truncation ofs ordered according to the Llphase without segregation
the octahedron. In the 1289-atom TOh, the (111) facets arfustration (we recover the bulk Lifragment as illustrated
perfectly hexagonal (with equal edges) so that all the facetm Fig. 14). The (100) and the (111) facets displag(@x 2)

0.4 — 0.4

0.2f

opposit 2 by 2 (100) facet concentration
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substructure as in the case of their equivalent in nite surfacgghenomena occurring in nanoclusters because of their nite
and the vertex composition changes from Co pure to almost Rtize and typical geometry. We showed that the clusters get
pure. Around the equiconcentration, there is a second plateaardered in their core as in the bulk phase diagram but the
of the core concentration corresponding to the lbidered smaller size presents an asymmetry as a function of the Pt
phase and some variation of the (100) facets concentratioconcentration in the core, which is typically a nite size effect.

as discussed before. Beyond the equiconcentration, the (100jhe segregation onthe (111) facets is the same as the one onthe
facets are saturated in Ptand the (111) facets display2ke?)  (111) surface, which means the facets present®e2) and
superstructure with a core ordered in the Ighase. Beyond the (2¢< 1) superstructures on a large range of stoichiometry.
the composition of 85 % in Pt, the surface is a pure Pt shellhe (100) facets present either the mixg@x 2) or the pure

and the core is a solid solution with Co impurities. Pt con guration but their arrangement depends on the core
ordering.

The main perspectives to such a study will be to overcome

VI. CONCLUSIONS AND PERSPECTIVES the rigid lattice assumption in order to take into account the

. ) ) effect of the atomic relaxations using the TB-SMA potential.
~ We presented a detailed theoretical study of the interplayye notably expect possible effects of the tetragonalization in
in nanoalloys between surface segregation and core orderinge L1, phase on the facets segregation. This will also allow

using a simple tight-binding Ising model on a rigid lattice. o study other symmetries as the decahedral or icosahedral
Notably, within this model, we compare €gPt. nanoalloys  gpes.

of 2 and 3 nm on all the range of concentration between pure
Co to pure Pt clusters, with the Co-Pt bulk phase diagram and
the segregation/ordering phenomena occurring at the (100) and
(111) in nite surfaces. The complicated relation between the We acknowledge support from the French Research Na-
core ordering, where the clusters reproduce the bulk orderetibnal Agency (ANR) through SimNanA Project No. ANR-
phases, and the cluster surface segregation, where the facets @88NANO-003, the COST Action MP0903 and the French
compared to the alloy surface segregation and superstructurdastitute for Development and Resources in Intensive Scienti ¢
are analyzed in detail in order to put in evidence of originalComputing (IDRIS) (Grant 2013-096829).
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