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While combining two metals in the same nanoparticle can lead to remarkable novel applications, the

resulting structure in terms of crystallinity and shape remains difficult to predict. It is thus essential
to provide a detailed atomistic picture of the underlying growth processes. In the present work we
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address the case of core-shell Fe-Au and Fe-Ag nanoparticles. Interface properties between Fe and
the noble metals Au and Ag, computed using DFT, were used to parameterize Fe-Au and Fe-Ag
pairwise interactions in combination with available many-body potentials for the pure elements. The
growth of Au or Ag shells on nanometric Fe cores with prescribed shapes was then modelled by
means of Monte Carlo simulations. The shape of the obtained Fe-Au nanoparticles is found to
strongly evolve with the amount of metal deposited on the Fe core, a transition from the polyhedral
Waulff shape of bare iron to a cubic shape taking place as the amount of deposited gold exceeds two
monolayers. In striking contrast, the growth of silver proceeds in a much more anisotropic, Janus-like
way and with a lesser dependence on the iron core shape. In both cases, the predicted morphologies
are found to be in good agreement with experimental observations in which the nanoparticles are
grown by physical deposition methods. Understanding the origin of these differences, which can be
traced back to subtle variations in the electronic structure of the Au/Fe and Ag/Fe interfaces, should
further contribute to the better design of core-shell bimetallic nanoparticles.

1 Introduction plications where molecules must be grafted onto their surface.

Owing to their multifunctional character, bimetallic nanoparticles =~ Whereas composition can be tuned, in principle, by the synthe-

(NPs) are being used in an increasing number of applications. Not
only do they offer the combined properties of the two metals they
are made of, but they can also develop completely new proper-
ties through alloying effects. The fields of application of these
nanoscale objects are therefore numerous and include catalysis,
optics, magnetic recording, drug delivery, hyperthermia, bacteri-
cidal actions, etc.l

In order to control the properties of these bimetallic nanoparti-
cles, it is essential to master their composition, chemical order
and morphology altogether. In particular, obtaining a specific
crystalline phase with particular exposed facets is especially desir-
able for generating specific properties or for use in biomedical ap-
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sis conditions, both chemical order and morphology depend on
growth kinetics and thermodynamical parameters. For instance,
the formation of cubic iron nanoparticles was kinetically favored
over the Wulff equilibrium shape under specific growth condi-
tions.? In chemical synthesis, the presence and nature of ligands,
can also play a prominent role in these characteristics. When two
metals are non miscible in the bulk, depending on the growth
conditions, chemical orders such as core-shell, multi-shell, Janus
but also mixed alloys can be observed at the nanoscale. 411 The
core-shell and Janus chemical orders can also be found for two
metals with a propensity to alloy, for specific compositions and
synthesis conditions (seell and references therein). However, tai-
loring the type of chemical order obtained for a given combina-
tion of metals remains a major technological challenge.

By combining a noble metal such as Au or Ag with a mag-
netic metal such as Fe, we aim at obtaining nano-objects with
both magnetic and optical properties, or to induce exacer-
bated magneto-plasmonic properties as already observed in other
bimetallic NPs. 72”15 Moreover, the cost of such nanoparticles
would be reduced compared to nanoparticles made from the more
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expensive noble metal alone. Ag and Au share many common
features, as they both crystallize in the face-centered cubic (fcc)
structure with very similar lattice parameters (4.079 A for Ag and
4.065 A for Au®) and have also similar surface energies. How-
ever, their chemical behavior turns out to be very different, gold
being rather inert while silver is highly reactive. Despite these dif-
ferences, the Fe-Au and Fe-Ag pairs are expected to behave iden-
tically. Iron crystallizes in a body-centered cubic structure (bcc)
in a large part of its phase diagram. It is strongly immiscible with
Ag over the entire phase diagram''Z and is only very weakly misci-
ble with Au'l®, In addition, the surface energies of iron are much
higher than those of Au and Ag. Consequently, at equilibrium,
the Fe-Au and Fe-Ag systems are likely to form phase separated
core-shell (or possibly Janus) nanostructures rather than mixed
nanoalloys, iron going preferentially to the core.

Bimetallic Fe-Au nanoparticles have been widely studied and
many experimental realizations can be found in the literature.
Fe-Au nanoparticles show indeed interesting properties in plas-
monics as well as for biomedical applications and catalysis. 1221
Most of these nanostructures exhibit a core-shell-like configura-
tion with iron in the center and gold forming a protective shell
around it. Chemical syntheses usually produce nanoparticles with
rather spherical shapes,22728 while physical syntheses at high
temperature and under high vacuum lead to highly faceted ob-
jects with polyhedral (even cubic) iron cores.22"3l In particular,
in previous works, we have shown that Fe@Au nanoparticles syn-
thesized by sequential vapor deposition exhibit a very different
morphology depending on the amount of gold deposited on the
iron core, the latter changing from a polyhedral shape close to its
Wulff shape at equilibrium when the gold shell is 2 to 3 mono-
layers thick, to a cubic shape when the shell volume is of the
same order or larger than the core volume.2! Note that physical
syntheses performed at room or low temperature often lead to
rounded shapes1232833| 1p addition, out-of-equilibrium synthesis
conditions can also lead to the formation of metastable nanopar-
ticles made of Fe-Au alloys®4Z or even to totally unexpected
multi-shell nano-objects.’38

In comparison, Fe-Ag nanoparticles are not as easily obtained
by physical routes, most of the literature on these systems re-
ferring to chemical production methods.*?*2 In some cases, the
reverse chemical order of Ag@Fe with silver in the core was
even observed, the iron shell being probably surrounded itself
by an iron oxide shell depending on the synthesis conditions.22
Nonetheless, a few examples have been reported showing that
for such systems the Fe core tends to be off-centered and eas-
ily oxidized as well, leading to the formation of Fe;04.4344 Be-
sides, in-flight cooling experiments have also reported dumbbell-
like structures of multiple Fe-Ag nanoparticles encapsulated in a
Si shell.#2 Despite being difficult to synthesize in a core-shell con-
figuration, these nanoparticles have shown interesting plasmonic
properties#244 as well as anti-bacterial activity.4©

In this contribution, we show that these striking differences be-
tween the morphologies of Fe-Au and Fe-Ag nanoparticles are es-
sentially due to dissimilarities between the interface energies of
the two noble metals in contact with iron, owing to the differ-
ent position of the d band in their electronic densities of states.
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In a first section, surface and interface energies computed using
DFT are used to parameterize atomistic potentials for the two sys-
tems using well-defined many-body components for the pure met-
als. These potentials are then employed to simulate the growth
of bimetallic nanoparticles by depositing atoms on a preexisting
iron core and subsequently equilibrating the resulting nanopar-
ticles by Monte Carlo simulations. Two core morphologies are
compared, namely the Wulff polyhedron and a cube, being the
lowest-energy shapes for bare iron NPs and in the presence of
a thick crystalline gold shell, respectively.4Z Besides, these core
morphologies were both experimentally observed in Fe-Au core-
shell NPs synthesized under quasi equilibrium conditions (high
temperature, slow rate deposition, ultra-high vacuum ...).2U 1t is
found that, for both systems, the NP morphology evolves with in-
creasing amount of metal deposited, but in a radically different
way depending on the metal itself. A very good agreement is ob-
tained with experimental observations for both Fe-Ag and Fe-Au
NPs, which demonstrates the relevance of our approach. Finally
a discussion on the limits and possible extensions of the present
computational approach is given as a conclusion.

2  Methodology

The growth of Fe-Au and Fe-Ag nanoparticles was simulated to
mimic the experimental protocol of Refs. 29H31]in which Fe@Au
nanoparticles have been synthesized by sequential deposition of
Fe first, then Au. The morphology of the polyhedral Fe core in
the Fe@Au nanoparticles evolves from a Wulff-like polyhedron
shape of body-centered cubic metals to a cube shape with increas-
ing amount of deposited gold.2!! We therefore chose to model
the atom-wise growth of gold on iron core with prescribed shape
(polyhedron or cube). The rather large sizes involved in the ex-
periments preclude the use of DFT to model the nanoparticles. We
have therefore chosen to use empirical potentials that are better
suited for this purpose. As will be shown below, and in order to
reproduce the experimental trends, the potentials must correctly
capture some important properties such as the surface and inter-
face energies, and in particular their ordering among the various
crystal surfaces.

In the following, we first describe the DFT calculations per-
formed in order to determine surface and interfaces energies in
the Fe-Au and Fe-Ag systems. These quantities are then compared
with those obtained from different empirical potentials of the lit-
erature, motivating our choice to further design a simple but ef-
fective model for the interaction between iron and the noble met-
als.

Spin-polarised DFT calculations were performed using the
VASP software, 4849 with PAW pseudopotentials and the PBE
functional.”? The cutoff energy was set to 600 €V for all calcu-
lations and a Methfessel-Paxton smearing parameter of 0.05 eV
was used. A Monkshorst-Pack mesh of special k-points was de-
signed to achieve a convergence of the energy of 1 meV/at for
each investigated system. Atomic positions were relaxed until the
forces became lower than 1072 eV/A.



Table 1 Surface energies from DFT-PBE calculations, empirical potentials and experiments (values in J/m?). R

or (110) and the (100) surface energies for each investigated metal M.

M
surf

reports the ratio between the (111)

where ES? is the total energy of the slab containing N atoms,

J/m? Moo Mo RY: ¥ oo s R f 7/1%% 7/1A1g1 R;fr 7
DFT-PBE 2478 2428 098 0.873 0.734 084 0814 0.741 091
EAM-LJ 2.009 1.901 095 1.061 0.939 0.89 0.938 0.860 0.92
EAM Calvo et al. 4/ 2.009 1901 095 1.061 0.939  0.89 - - -
EAM Zhou et al.> 1.711 1.429 0.84 1.023 0.900 0.88 1.141 1.035 0.91
Gupta Vernieres et al.®¥ 1.705 1.531  0.90 0.610 0.552  0.90 - - -
- 2.417%2
Exp. 2.47553 1,004 - 1522 0.845> 1.24°2 -
2.550°0
2.1 DFT surface energies (a) (b)
The surface energies were evaluated using periodic models made
of slabs of a given number of monolayers (MLs) separated by 15 A [ )e) 4?)? e O 0 OB ,D/>l
of vacuum in the z direction. The surface energy is then obtained l f | e
using: 1 oo, fso]"
y= [Eslab 7NalEal1)tUIk /2A (D % ‘[110]‘“,]_‘ [112),
%J [101],,

EPUK the bulk atomic energy and A the surface area. The numbers
of layers in the slabs were increased until y was converged within
10 mJ/m?.

The results obtained from the DFT-PBE calculations are given in
Table (1} As can be seen from this table, the PBE functional under-
estimates the surface energies of Au(100) and Au(111) with re-
spect to the experimental values (~1.5 J/m?, Ref. [52). However
the ratio R?lfrf = 711/Y%00 = 0.84 between the two correspond-
ing energies is in good agreement with the experimental estimate
of 0.84 obtained using the Wulff theorem on gold NPs observed
by HR-TEM.>2 Regarding now the Ag surface energies, the ex-
perimental value for the Ag(111) surface is around 1.24 J/m?
(Ref. [52), which is also underestimated by the PBE functional but
the obtained ratio between the two surfaces befrf = Y11/Y00 =
0.91 achieved from a Wulff shape analysis of silver clusters is
also in agreement with experiments performed on silver clusters
(0.97)2Z. Conversely, for iron, the Fe(100) and Fe(110) surface
energies as well as their ratio are in very good agreement with
experiment using the PBE functional (2.417 J/m? from Ref. [52]
2.475 J/m? from Ref. [53] and 2.550 J/m? from Ref. [56)).

2.2 DFT interface energies
For the determination of the interface energies between iron and
the noble metals, model systems consisting of a slab of M layers
of X=Au or Ag in contact with a slab of N layers of Fe were used.
Periodic boundary conditions were employed in the x, y and z
directions and the two slabs were separated from their images by
adding 15 A of extra vacuum in the z direction (Fig. .
Depending on the epitaxial relationship between the orienta-
tions of the two slabs, a mismatch can exist at the interface be-
tween the two crystals, which leads to some accumulation of elas-
tic energy in the slabs and contributes to the surface and interface
stresses. In the following, we only consider the case where the Fe
slab is at its equilibrium lattice constant and the Au(Ag) slab is
in epitaxial contact with its surface, thus undergoing most of the

Fig. 1 Periodic simulation models used to compute the X/Fe (X=Au or
Ag) interface energies, 3D and top views (shown here for X=Au). (a)
X(100)/Fe(100); (b) X(111)/Fe(110). Fe atoms are depicted in gray, Au
atoms in yellow. The axes refer to the top views.

deformation due to lattice mismatch. This approximation is jus-
tified by the sequential growth of the NPs, where the iron core is
formed first.

Under such circumstances, the total energy of the system reads:

Fe 1-F Fe | X (X X X
Eiot Nyt Epe + 7 AT + Nt (Ebulk + UglasVat >

J’_

(£ 20%e) 4% (Y20 ) AT (@)

where NE¢ and NX are the numbers of Fe and X atoms in the
slabs, respectively, nglk and ngﬂk being the bulk atomic energies.
The latter have been computed with VASP using the same setup
(cutoff energy, pseudopotentials, optimized k-point grid, smear-
ing etc.) in a unit cell approach. ¢, X and y"™ denote the
surface energies and interface energies, while uX _ is the elastic
energy per unit volume in the X slab, VX the X atomic volume
and AF¢, AX, and A™ the Fe and X surface areas, and the interface
area at equilibrium, respectively. Finally, cX and ¢'™ are the X
surface and interface stress along the x and y directions and ¢
the in-plane strain. Note that here we considered identical strains
and stresses along the two in-plane directions x and y. While
this is true in the case of the X(100)/Fe(100) interface, it does
not hold for the X(111)/Fe(110) interface. However, since the
stresses will not be explicitly evaluated in this work, we will keep

this simplified notation in the following.

By subtracting the total energy of the Fe slabs, we end up with
a quantity that depends linearly on the number of atoms in the X
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Table 2 Interface energies and wetting parameter S from DFT-PBE calculations and empirical potentials (values in J/m?). R;

the ratio between the two interface energies.

X /Fe X /Fe X /Fe

it = Y110/ Yoo/ 100 1

7;\(;:) Fli)o S 71A1ul F;e]o S RﬁZ e 71%%) };i)o S 71A1g1 ielo S Rﬁft) e
DFT-PBE 0.378 -1.227 0.700 -0.994 1.85 0.996 -0.668 1.071 -0.643 1.07
EAM-LJ 0.260 -0.688 0.662 -0.300 255 0.778 -0.293 0.858 -0.183 1.10
EAM (Calvo et al.t7) 0.267 -0.681 0.762 -0.200 2.84 - - - - -
EAM (Zhou et al.>l) -0.698 -1.386 -0.261 -0.790 0.37  0.053 -0.517 0.387 -0.007 7.30
Gupta (Verniéres et al3®)  0.996  -0.099 0.822 -0.157 0.83 - - - - -

slab, i.e. on the number of X monolayers:

AE = Eoi—Ehey = NX (Bt ul Vil ) + (¢ +20%¢) ) aX

+

(yinl + 2Gint£H> Aint _ yFeAFe (3)
By computing AE for an increasing number of X monolayers, we
can deduce the intercept of the regression, which is given by:

<YX + 26X8H) AX 4 <Yim + 2Gint8“> At _ ’)/FeAFe. @
The value of Yy at equilibrium is known (Tab. and X =
(VXJrZGXeH can be easily accessed from the surface energy
of the X slab subject to the same deformation than in the in-
terface model. It is then straightforward to obtain A™ where
y= (yim +26im£‘”). Note that neither the value of A™, the area

of the interface at equilibrium, nor the value of '™, are known a
priori. We can nevertheless estimate ¥ in the two limiting cases of
Aint :AFC and Aint :AX

For the X(100)/Fe(100) interface, we used the same mod-
els as described in Refs.*82% to compute the interface energy
(Fig. a)). For the X(111)/Fe(110) interface, the epitaxial
relationship is much more complex than for X(100)/Fe(100)
and follows the Nishiyama-Wassermann relationship.? In the
[010]Fe//[110]X direction, the same coherent epitaxy as for the
X(001)/Fe(001) interface is considered. In the [101]Fe//[112]X
direction, a semi-coherent approach is required. As ensuring an
ideal coincidence lattice in this direction would require too large
a system to be conveniently modeled in DFT with periodic bound-
ary conditions, we chose to model this interface with a smaller co-
incidence lattice, as illustrated in Fig. [I|(b). This approach has al-
ready been used successfully by Lu et al. for the Ag(111)/Fe(110)
interface.®! Two different sizes along the [110] direction have
been tested for the Au(111)/Fe(110) case: 8 Au and 10 Fe cells
(8x10), or 7 Fe and 9 Au cells (7x9). A lower interface energy
by -67 meV was found with the 8 x10 coincidence network with
respect to the 7x9 one, so we chose to use the 8x10 network
hereafter. We also tested the epitaxial position of Au atoms on top
of the Fe cell (hollow position or bridge position) and found that
atoms at hollow sites relaxed to bridge positions. After optimiza-
tion, the interface rearranged with the creation of an interface
dislocations network which helps to reduce the total energy of the
system, the accommodation of the Au and Fe networks generating
two dislocations per coincidence lattice cell (8x10 or 7x9) (see
Supp. Info). Note that at the interface, the z-displacements of

4| Journal Name, [year], [vol.], 1

the Fe atoms are different on either side of each dislocation, even
when the lattice comprises an even number of atoms (8x10). The
same model has then been used to study the Ag(111)/Fe(110)
interface and the calculated interface energy of 1.071 J/m2 (Tab.
2) is consistent with that obtained by Lu et al. (1.18 J/m2) 61
Here as well, the interface dislocations network is made of two
dislocations per coincidence network cell with the same dissym-
metry of the Fe displacements on either side of each dislocation
as for Au(111)/Fe(110) (see Supp. Info).

The values of DFT interface energies ¥ were obtained with a
number of 12 Fe MLs and using a linear regression between 4
and 7 MLs of Au or Ag. Only values computed for A" = AFe
are shown in Table The values obtained with A™ = AX are
higher by ~40 to 90 meV, but the ratio between the two inter-
face energies is exactly the same, whatever the reference used.
The ratio RY/"* given in Tab. [2| corresponds to the ratio between

int
the two interfaces, R\//¢ = y*/Fe 71);/0};6100'

e Mi1/110 One can note that,
while the surface energies of Au and Ag are close to each other,
their interface energies with Fe are very different. First, the two
interfaces energies yﬁ)%)//ﬁf)o ylAlgl//FIeIO are much higher than the
corresponding values involving Au. Second, their ratio is also
very different, varying from 1.07 in the case of Ag/Fe to 1.85 in

the case of Au/Fe.

and

The important difference between the Au/Fe and Ag/Fe inter-
face energies is essentially due to electronic effects since the two
systems undergo a similar lattice mismatch. The electronic prop-
erties of the interfaces were thus analyzed for the two investi-
gated systems. In Fig. the densities of states projected on
atoms at the interfaces are depicted. For the two different inter-
faces X(100)/Fe(100) and X(111)/Fe(110), the Fe-projected DOS
are similar whether the metal in contact is Au or Ag (light and
dark blue lines). Conversely, the Au- and Ag-projected DOS are
quite different, in particular between —2.5 €V and —1.0 eV where
there are more Au states than Ag states, the d band of gold be-
ing much wider than that of Ag. This is true for both interfaces
and implies a stronger coupling between Au and Fe than between
Ag and Fe, resulting into a lower interface energy for the former.
This effect has already been observed on atomic state densities in
small clusters of Fe-Au and Fe-Ag® and can be traced back to the
relativistic nature of gold. For this element, the high velocity of
core electrons surrounding the heavy nuclei increases their effec-
tive mass. As a consequence of special relativity, the s electrons
(and to a lesser extent the p electrons) are in smaller orbitals and
are more strongly bound than if these effects were absent, while
the d electrons are less bound and occupy larger orbitals. This
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Fig. 2 Projected electronic density of states (PDOS) on selected atoms at
X/Fe interfaces (positive and negative values correspond to spin up and
spin down, respectively). Upper graph: atoms at the X(111)/Fe(110)
interface; Lower graph: atoms at the X(100)/Fe(100) interface.

effect is much stronger for gold than for silver, due to the filling
of the 5d band which incidentally also accounts for its higher ox-
idation states and explains its better resistance to oxidation.®3 As
discussed below, this result will have important consequences on
the morphology of the Fe-X nanoparticles.

2.3 Empirical modeling at the atomistic level

For the pure metals, numerous empirical potentials are available
in the literature, some of which give surface energies in good
agreement with the experimental values, 040

For the Fe-Au and Fe-Ag interactions, however, only very few
potentials have been proposed despite the importance of the el-
ements involved. The EAM potential developed by Zhou et al.!
tends to favor solid solutions for Fe-Au NPs, 4 which is manifested
here as a negative interface energy for the two interfaces investi-
gated (see Tab. [2). Although slightly better, the interface energies
obtained with the Fe-Ag potential from the same authors™! are
much too small compared to the DFT calculated values.

In our previous work, the EAM potential of Mendelev and
coworkers for iron® and the potential of Chamati and Papani-
colaou for gold®Z were combined together, keeping a many-body
character for the Fe-Au interactions whose parameters were ad-
justed to reproduce various structural and energetic properties
of clusters and bulk intermetallics.4Z This model gave interface
energies in very good agreement with the DFT reference values

for the two interfaces investigated in this work (see Tab. [2).
However, in using it for the growth of Fe@Au nanostructures,
it was also found to favor another interface between Fe(100) and
Au(111) that is not experimentally observed and whose interface
energy calculated by DFT is much higher than that of the two
other interfaces. Because of this unexpected discrepancy, we have
chosen not to use this potential in the present study.

Another Fe-Au potential of the Gupta type was recently used
by Verniéres and coworkers=8 who simulated the formation of
multi-shell Fe-Au nanoparticles. While this potential yields sur-
face energies that are correctly ordered, the interface energies
are poorly described, the relative stabilities being inverted with
respect to DFT values (see Tab. [2). This potential is therefore
not suited either for the present investigation. Finally, the work
of Akbarzadeh et al.,®8 also based on Gupta-like potentials but
using different parameters as those employed by Vernieres et al.,
showed that the alloy configuration is most favorable when the
composition is Fe-rich, which is not the expected result at equilib-
rium.

Besides interface energies, it can be interesting to have some
information on the wetting of the X metal on iron. Here we cal-
culate a wetting parameter S defined as:¢?

s ®

Note that a small error on the value of S is expected here because
we use 7 instead of y™ owing to the value of the interface stress
not being known. However we estimate this error to be of the
order of a few percents of the value of the wetting parameter.=8
If S is negative and large in magnitude, then the X metal will have
a strong tendency to spread over the Fe surface upon 2D growth.
If S is positive but small in magnitude, the metal X will have a
tendency to form islands on the Fe surface. Therefore, besides
a correct ordering among interface energies, it is also important
for the empirical potentials to reproduce the wetting parameters
obtained from DFT calculations. From Tab. |2} we note that the
DFT calculations give a large and negative S for Au on Fe, which
indicates that Au has a strong tendency to wet Fe for both inter-
faces considered. Regarding Ag on Fe, § is also negative for both
interfaces, although smaller in magnitude than for Au on Fe. All
the considered empirical potentials give negative wetting param-
eter values for the investigated interfaces. However, some of them
give much lower values than those obtained from DFT.

As will be shown below, the interface energy appears to be one
of the driving forces for the observed core-shell morphologies in
both Fe-Au and Fe-Ag nanoparticles. In view of the difficulties
shown by the above listed existing potentials, we turned to an-
other strategy by designing Fe-Au and Fe-Ag potentials based on
well-defined ingredients for the pure elements but simple pair-
wise additive interactions between unlike elements, adjusting the
parameters to reproduce as best as possible the interface energies
determined above from DFT, leaving aside other structural or en-
ergetic features. For simplicity, the Lennard-Jones (LJ) interaction
potential was considered for this purpose. Note that LJ potentials
have already been used successfully to model bimetallic nanos-
tructures.®? Using LJ potentials for the interactions between un-
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like elements,, we purposely focus on phase-separated structures
instead of alloyed phases. This is motivated by the mostly im-
miscible nature of both gold and silver with FelZ18, the alloyed
structures being found to be unfavorable.4Z

For the Fe-Fe, Au-Au and Ag-Ag interactions, we chose the
Mendelev;®> Chamati®” and Williams®® potentials, respectively.
The two LJ parameters of distance (d) and energy (Ej) were ad-
justed to reproduce the DFT reference data, especially the ratio
between the interface energies. The results obtained with the
EAM-LJ potentials thus optimized are reported in Table[2] As can
be seen, good agreement could be reached for the interface en-
ergies and their ratio for Fe-Au using Ey = 0.2 eV and d =23 A
and, for Fe-Ag, using Ey = 0.14 eV and d = 2.6 A. The sign of
the wetting parameter S is also obtained satisfactorily although
the magnitude is generally lower than in DFT. In addition the
z displacements of Fe atoms observed at both Au(111)/Fe(110)
and Ag(111)/Fe(110) interfaces display the same behavior as ob-
tained with DFT (see Supp. Info).

2.4 Modeling the growth of core-shell nanoparticles

In order to mimic the growth processes taking place in the sput-
tering experiments under high vacuum and high temperature of
Refs. [29H31} the sequential deposition of atoms on an already
formed Fe core was simulated at the atomistic level of details.
Two different core shapes were used, namely a Wulff polyhedron,
with a majority of (110) and (100) facets as expected for the equi-
librium shape of a Fe bare nanoparticle, and a cube. While these
two core shapes resemble very strongly those experimentally ob-
served in the case of the Fe-Au system,22°3l there is presently no
experimental evidence for the occurrence of these morphologies
in the Fe-Ag system. Nevertheless, the comparison necessarily
holds in the limit of the bare iron particle, and the hypothesis
that Ag would be deposited on a Wulff-type iron core in vacuum
thus seems quite reasonable.

Energetic comparison between structures is better achieved for
identical numbers of atoms, hence limited numbers of iron atoms
had to be removed from the core seeds because the Wulff and
cube growth series do not share the same magic numbers of full
geometric shell completion. In order not to favor either of the two
structural types, we arbitrarily imposed a number of iron atoms
equal to 1000 in the core, removing as many outer atoms as nec-
essary for both structural types. The systems were then equili-
brated using molecular dynamics trajectories at 300 K before sub-
sequent local optimization using conjugate gradient. Such a low
relaxation temperature was chosen to prevent from excessive re-
arrangements of the core itself. The two core seeds containing
exactly 1000 atoms and obtained with this computational proto-
col are depicted in Figure [3}] Due to the removed atoms, a few
defects remain at the surface of the two cores and the so-called
cubic core is more like a square cuboid.

The deposition of several X=Au or Ag atoms on these Fe cores
was simulated using a Monte Carlo growth scheme in which a
population of candidate structures with M members is generated
and maintained. Initially, the bare iron core is replicated M times
to generate this population. Then, a number N,qq of single atom
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Waulff core

Cubic core

Fig. 3 The two shapes of the iron core on which noble metals were
deposited. Left: Wulff-like morphology; right: cubic-like morphology.

additions are randomly attempted on any configuration from the
pool drawn with uniform probability, the structures obtained be-
ing locally relaxed to produce as many candidate configurations
for the next step of the sequence.

From the knowledge of the energy E; of each optimized struc-
ture, its statistical weight p; is determined from its Boltzmann
factor at temperature Tyown- This structure is then replicated
in the subsequent pool proportionally to M x p;, keeping the to-
tal number of members as constant and equal to M. Doing so,
most structures with a high energy are simply ignored, while the
lowest-energy structures among the set can be present in multiple
copies. The process is then iterated until the number of X atoms
reaches the desired value. In practice, we used Tyrowin = 1000 K,
M =3 and Nagd = 2000.

Once entire growth sequences were obtained with the above
described procedure, some of the intermediate structures selected
along the way were subject to independent equilibration and re-
laxation using canonical Monte Carlo simulations at 800 K with
50000 steps. Monte Carlo simulations have the advantage over
molecular dynamics to be less sensitive to slow diffusion kinetics
associated with energy barriers, allowing equilibrium structures
to be produced more effectively. We note though that the rather
high temperature of the studied systems (T = 800 K), makes ki-
netic barriers to be rather unlikely in practice.

3 Fe-Au nanoparticles

Fig. [f]shows the evolution of the energy per atom of the nanopar-
ticle as a function of the ratio between the number of deposited
Au atoms and the number of Fe atoms (at constant number of Fe
atoms), for the Wulff and cube core morphologies and after their
Monte Carlo relaxation at 800 K. Selected configurations, indexed
by numbers in Fig. [4] are depicted in Figs. [5]and [6] for the Wulff
and cube core shapes, respectively.

As expected, the Wulff polyhedron being the equilibrium shape
for bare iron NP, its energy is lower than the corresponding value
for the bare cubic particle. When Au atoms start to be deposited,
the energy of the two systems increases concomitantly but shows
a different behavior from NAY/NEe ~ 0.3. While the energy in-
creases monotonously with the amount of deposited Au for the
Waulff core case, it displays a sharp decreases at N4" /N ~ 0.5 for
the cubic core case, which leads to the two energy curves crossing
each other.

In Figure |5) the Wulff-type core NP first exhibits an incom-
plete wetting monolayer of Au (configuration 1), the incomplete
character being simply due to the lack of gold to cover the en-
tire Fe core in the initial stage of growth. Note that despite the
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‘Whulff core

Fig. 5 Selected configurations of the Fe-Au nanoparticles with a Wulff
Fe core, taken along the growth path (Fig. @ Upper panel: outside
views; lower panel: only back halves shown.

random spatial distribution of the Au atoms added at the core
surface, the growth proceeds asymmetrically, concomitantly with
the energetic benefit of creating Au-Au interactions relative to the
weaker Fe-Au bond. In addition, because the growth proceeds as
to maximize cohesion, facets are covered before edges and even-
tually vertices.

As the number of Au atoms increases, the energy of the system
increases monotonically until N4 /N5 reaches ~0.3, then shows
a slight inflexion which can be explained by the filling of the gold
monolayer around the iron core (configuration 2 in Fig. [5). This
wetting layer is consistent with the value of the wetting parameter
for this system (see Tab. that indicates a strong tendency for
gold to cover iron with 2D layers. The energy cost of the sum of
Au/Fe interfaces and Au surfaces is therefore lower than that of
bare iron surfaces. As N4'/NE¢ reaches ~0.4, the system displays
a homothetic Au shell around the Fe core (configurations 3 and
4 in Fig. [5), then pyramids on the Fe(100) faces of the Wulff
core develop, the height of which increases with the number of
deposited Au atoms (configuration 5 and 6 in Fig. .

Cubic core
1 2 3 4

Fig. 6 Selected configurations of the Fe-Au nanoparticles with a cubic
Fe core, taken along the growth pathway (Fig. E-[) Upper panel: outside
views; lower panel: only back halves shown.

In Figure [6] configurations for the cubic core NP are shown for
selected numbers of deposited Au atoms along the growth path-
way. Configuration 1 exhibits an incomplete wetting monolayer
of Au since there is not enough gold to cover the cube entirely.
As the gold/iron ratio N4V /NE¢ exceeds approximately 0.47, the
energy starts decreasing in the cubic core system. At this stage,
the Fe cube is almost totally coated by a Au monolayer, except on
the corners and edges. As for the Wulff core case, this is consis-
tent with the value of the wetting parameter for this system. In
configuration 2, some parts of the Fe(100) cube faces begin to
be covered by Au bilayers. Then the configurations with a par-
tial or a complete second layer (3 and 4 respectively) provide a
significant reduction of the energy per Au atom with respect to
configuration 2. When the ratio N4"/NEe reaches about 0.8, we
find a minimum in the energy curve of the cubic core NP, which
corresponds to a complete coverage of the Fe cube by Au bilay-
ers (configuration 4 in Fig. [6) and indicates a special stability
for the bilayer-coated cubic core particles. As the ratio NAU/NEe
exceeds approximately 0.8, the energy curve increases monoton-
ically with the number of deposited atoms. From this point, the
second Au monolayer provides a suitable ground for the further
development of truncated Au pyramids whose side facets are of
the Au(111) type (configurations 5 in Fig. [6). For large Au shells
(configuration 6 in Fig. [6), we find a core-shell chemical order of
symmetrical shape with truncated pyramids on each of the cube
facets.

Comparing the results of the growth simulations obtained on
the two core shape types, the following features can be noted.
When the ratio N4®/NL€ is lower than about 0.6 (configurations
1, 2 and 3 in Figs. [f]and [5), the energy of the Wulff-core NP is
lower than that of the cubic-core NP because the amount of Au
is sufficient for a complete coverage of the polyhedron whereas
it cannot entirely cover the cube. Moreover, Au bilayers are
preferentially formed on the Fe(100) faces of the cube before a
complete coverage of the corners and edges is achieved. From
NAU/NEe reaching ~0.6, the energy of the cubic-core NP becomes
lower than that of the Wulff-core NP and remains as such for
higher amounts of Au. This corresponds to the growth stage when
the cube is completely covered by gold and points to the higher
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stability of the cubic-core NP with respect to the Wulff-core NP
for Au shells thicker than ~2 monolayers in our model. Finally, as
the ratio N4"/NEe exceeds approximately 0.8, the two curves in-
crease concomitantly for both types of iron core shapes, NPs with
a cubic core exhibiting a lower energy than those based on the
Waulff core.

In summary, when Au atoms are deposited on a Fe core, the
most stable form of the Fe-Au NPs evolves from a core-shell
structure with a Wulff-like polyhedron core and a uniformly dis-
tributed Au shell towards a symmetrical core-shell structure with
a cubic-like core and truncated square Au pyramids on each of
the 6 facets. The crossover between the two shapes occurs when
there is enough gold to form at least two monolayers.

This result is in remarkable agreement with the experimen-
tal observations of Ref. [31] which showed a different equilibrium
morphology of Fe-Au nanoparticles when the amount of Au is low
or high with respect to that of Fe. These NPs were obtained by
sequential deposition, Fe NPs being produced first on a silica or
alumina substrate before depositing gold. Kamp et al.®3 have
also observed the formation of such core-shell Fe@Au nanopar-
ticles with a cubic Fe core and Au truncated pyramids after high
temperature annealing of spherical NPs first obtained by laser ab-
lation in liquid.

The present results should be understood as illustrating equi-
librium properties, and do not directly provide information about
the barrier that the core-shell particle with a polyhedral core
needs to cross to transform into another core-shell particle but
with a cubic core. The MC simulations performed at 800 K did not
yield any such shape transition of the core, even though the iron
atoms were perfectly allowed to rearrange as well. Simulations
were also attempted at higher temperatures, but these resulted in
the Au shell to melt before the desired transition was achieved.
We thus deduce from such numerical experiments that the energy
barrier to be crossed must be relatively high, and that enhanced
sampling of the energy landscape would be needed to character-
ize the barriers and overall mechanisms in greater details.

4 Fe-Ag nanoparticles

The variations of the energies per atom as a function of the num-
ber of added silver on the two types of Fe cores are shown in Fig.
As was the case for Fe-Au, at very low amounts of silver the
growth necessarily starts with the Wulff Fe core which is signifi-
cantly more stable than the cubic core, in the limit of low amounts
of noble metal. However, in contrast to the Fe-Au case, the evo-
lution of the two curves is similar in the explored region of Ag/Fe
ratio reaching as high as N3 /NFe =225,

Configurations taken along the growth pathways are depicted
in Figs. [8] and [9] for particles based on the Wulff and cubic Fe
cores, respectively.

In the case of the Wulff core, the Ag atoms start by forming a
bilayer on one hemisphere of the polyhedron (configuration 1 in
Fig.[8), then one main pyramid is formed and Ag bilayers develop
on neighboring facets of the core (configurations 2 and 3 in Fig.
[B). At small silver amounts, the morphology of the Fe-Ag NP is
therefore somewhat akin to a Janus one. Eventually the extra Ag
atoms form bilayers on the whole surface of the core and begin to
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grow additional pyramids (configurations 4, 5 and 6 in Fig. [§). As
Ngg /NIE exceeds approximately 1.3, the Fe core is totally covered
by silver. At larger amounts of Ag (Na/?g /NEE > 1.9, configuration
6 in Fig. , the Fe-Ag nanoparticle still exhibits an off-centered
core-shell morphology.

‘Wulff core

Fig. 8 Selected configurations of the Fe-Ag nanoparticles with a Wulff
Fe core, taken along the growth pathway (Fig. . Upper panel: outside
views; lower panel: back halves shown.

In the cubic core case, the addition of Ag atoms preferentially
proceeds over one single facet (configuration 1 in Fig. [9), eventu-
ally growing to form one large pyramid before continuing to cover
the iron core (configurations 2 and 3 in Fig. [9). The neighboring
facets become themselves partially coated when the number of Ag
atoms further increases, although the Fe core is never totally cov-
ered even for a ratio th‘g /NEe ~ 1.9 (configurations 4, 5 and 6 in
Fig. |§|) It is interesting to note that, although never fully coated,
the morphology of the Fe-Ag nanoparticle with a cubic iron core
resembles that of Fe-Au nanoparticles, with truncated pyramids
in epitaxial contact with the faces of the cubic core. In addition,
we find that the corners of the Fe core that are not covered by Ag
are truncated by small Fe(110) facets, which brings the morphol-



ogy of the uncovered core closer to the iron Wulff shape. Finally,
it may seem that the cubic core looks more square and defect-free
in Fig. [9] than in Fig. [f] but its shape actually did not change and
this is merely a consequence of the particles being shown from
different viewpoints.

Cubic core

Fig. 9 Selected configurations of the Fe-Ag nanoparticles with a cubic
Fe core, taken along the growth pathway (Fig. . Upper panel: outside
views; lower panel: only back halves shown.

In summary, because of the high interface energy at the ori-
gin of the small value of the wetting parameter, the Ag atoms
prefer to develop one main pyramid upon deposition on an iron
polyhedral core, therefore resembling a Janus-like morphology.
Doing so, the nanoparticle limits the energy cost by reducing the
interface area and increasing the Ag(111) facets area. Moreover,
conversely to the case of Fe-Au, the Fe-Ag NPs with a Wulff core
shape are energetically favored over those with a cubic core shape
until the Ag amount exceeds about twice the amount of iron. This
most probably originates from the higher Fe-Ag interface energies
with respect to the Fe-Au ones. Eventually, the cubic core NP be-
comes more favorable than the Wulff-core one, even with a bare
exposed Fe(100) facet, which underlines the particular stability
of the truncated pyramids in these systems.

These results partly explain the difficulties often reported in
the experimental literature in successfully synthesizing Fe@Ag
nanoparticles. It can notably be conceived that if the iron core
is not entirely covered by silver, it would remain easily oxidiz-
able.“3 For moderate amounts of silver, the obtained morphol-
ogy is that of a spherical core-shell with an off-centered core, in
complete agreement with the conclusions of Ref. [44. Besides,
the dumbbell-like FeAg NPs embedded in Si and as obtained by
Benelmekki et al.#? present a Janus-like morphology which is
very much alike our Fe-Ag nanoparticles when the amount of Ag
is small.

5 Discussion and Conclusion

The deposition of gold or silver on iron nanometric cores hav-
ing two distinct shapes was computationally modelled, and it
was found that the resulting nanoparticles have a radically differ-
ent morphology depending on the amount and the type of noble
metal deposited. These remarkable dissimilarities are mainly due
to the difference in the overlaps between the electronic d bands of
the noble metal (Au or Ag) and those of Fe at the interface, which
induces large differences between the energies of the two types
of interface considered. This is consistent with the ratio between

the two interface energies computed by DFT, which is equal to
1.85 in the Fe-Au system but only to 1.07 in the Fe-Ag system.
Our EAM-LJ potential is capable of reproducing these differences
between the interface energies. As a consequence, in the present
simulations, one of the two interfaces in the Fe-Au system com-
pletely disappears, whereas in the Fe-Ag system both interfaces
exist and are fairly balanced. This explains why Fe@Au core-shell
NPs with a cubic core are found whereas for Fe@Ag polyhedral
cores are found. In addition, the interfaces in the Fe-Ag system
are energetically more expensive than in the Fe-Au system, which
explains why in the first case Janus-type morphologies are ob-
served, while in the second case, core-shell type morphologies
with complete wetting are found.

Although the LJ pair potential employed here is highly sim-
plified, it provides a robust description of the main structural fea-
tures of both Fe-Au and Fe-Ag nanoparticles despite not reproduc-
ing all the individual interface energies predicted by DFT with a
high accuracy. In the Fe-Au case, the ratio R?nb;/ F¢ between inter-
face energies is higher than the DFT value, and this favors the
cubic core shape. However, provided that this ratio is sufficiently
large, the transition from the Wulff core shape to the cubic core
shape would remain, a lower value of Rﬁg/ Fe simply causing the
crossing of the energy curves to occur at higher amounts of gold.
Similarly, the magnitude of the wetting parameters S obtained
with the LJ potential is too low compared with the DFT data
for the Fe-Ag system which results in less efficient wetting but
without altering morphological features. Therefore we believe
that our models are realistic enough to describe the experimental
growth mechanisms rather faithfully.

Additionally, it is fair to recognize that our investigation was
not a complete global optimization study, which incidentally
would not be feasible for the sizes at stake, but only simulations of
the physical growth processes for prescribed core shapes. In par-
ticular, because it assumes an already formed core, our modeling
could bias the growth towards core-shell or Janus morphologies
at the expense of a more mixed alloy. However, the additional
Monte Carlo equilibration stages performed after the growth sim-
ulations are quite capable of finding an alloy, at least at the inter-
face, if this chemical order had turned out to be the most favor-
able. Moreover, although this study reveals a change of the stable
NPs morphologies with the amount of metal deposited, it does
not allow to actually mimic the dynamical evolution of this mor-
phology, nor to account explicitly for various parameters relevant
in physical growth such as the collision energy and the deposition
rate. Such parameters could be mimicked, in a first approxima-
tion, by varying the extent of the intermediate relaxation steps
between successive random atom additions. Furthermore, we do
not access the intermediate core shapes between the Wulff and
the cubic shapes in the Fe-Au system. To do this, enhanced sam-
pling methods should be used in order to explore the transition
from the Wulff to the cube core shapes. Work is in progress in this
direction.

Finally, the simulations presented here would not be practical
to address experimental NP having cores typically larger than 2
to 3 nm, 223l j e, containing millions of atoms or even more. To
deal with NPs of such sizes, continuous approaches offer a conve-
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nient alternative to the present atomistic simulations, as they can
notably predict the equilibrium shape of NPs with a prescribed
symmetry from the sole knowledge of the surface and interface
energies. Such a model has been constructed very recently for
the present core-shell NPs of experimental sizes using for these
ingredients the values determined by DFT (Tabs. [1]and [2)7® and
we plan to compare its predictions to the present atomistic results.

To summarize, our computational modeling shows very good
agreement with experimental observations for physically grown
nanoparticles. In the case of the Fe-Au system, we found an in-
version of stability in the core shape when the amount of gold de-
posited exceeds about two layers, also in agreement with experi-
mental observations.®!' Regarding now Fe-Ag, our results explain
the acknowledged difficulty in manufacturing Fe@Ag nanopar-
ticles:43144 the iron core is either not fully coated or it is very
off-centered and not sufficiently protected from oxidation.

In this work, we showed that a simple additive potential for in-
termetallic interactions is sufficient to predict morphological tran-
sitions in bimetallic core-shell nanoparticles, provided that the
surface and interface energies as well as their orderings are prop-
erly reproduced. Our computational approach could easily be
extended to other core-shell bimetallic systems (and even multi-
metallic systems) for which an epitaxial relationship exists be-
tween the metals of the core and the shell. For example, core-shell
FeRh@Au nanoparticles were recently producedZ! and found to
exhibit an intermetallic B2-FeRh core surrounded by a faceted Au
shell. Our method could be used, e.g. to determine the propensity
of such nanoparticles to undergo shape or global transitions with
increasing shell thickness. In concern with magneto-plasmonic
applications, Fe@AuAg-type nanoparticles could also prove to be
extremely efficientZ273 owing to the possibility to tune the opti-
cal response from varying the relative composition in the noble
metals. Finally, extensions of the computational methodology are
also conceivable towards chemical preparation. For this purpose,
the environment could be treated either explicitly (through ded-
icated potentials) or more semi-empirically by the Monte Carlo
growth protocol, e.g. by allowing tailored or swapping moves
facilitating reactivity.
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