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ABSTRACT: Core—shell nanoparticles made from iron
embedded in gold have a strong potential interest in
nanomedicine, the Au shell providing an efficient biocompat-
ible coating for the magnetic Fe core. With the aim of
determining theoretically the equilibrium morphologies of Fe—
Au nanoparticles in a broad size range and with different
compositions, a semiempirical many-body Fe—Au potential
was designed combining well-established models for the pure
metals and introducing dedicated contributions for the
interactions involving mixed elements. The potential was
parametrized against various energetic properties involving
impurities, intermetallics, and finite clusters obtained using
density functional calculations in the generalized gradient

approximation. The potential was tested to investigate Fe—Au nanoparticles near equiconcentration containing about 1000—
2000 atoms at finite temperature using parallel tempering Monte Carlo simulations initiated from the core—shell structure. The
core—shell nanoparticles are found to be thermally stable up to about 800 K, at which point the gold outer layer starts to melt,
with the iron core remaining stable up to approximately 1200 K. In contrast, the alternative potential developed by Zhou and co-
workers (Zhou, X. Z.; Johnson, R. A.; Wadley, H. N. G. Phys. Rev. B, 2004, 69, 144113) predicts a strong tendency for mixing, the
core—shell structure appearing energetically metastable. The two models also predict significantly different vibrational spectra.

1. INTRODUCTION

The remarkable properties of nanoparticles (NPs) strongly
depend on their morphology, whatever their field of
applications. Beyond the size of the NPs, a precise control of
their structure and shape is essential to master their physical
properties as well as their interaction with the environment. To
achieve this goal, a deep understanding of the formation
mechanisms of NPs is essential. Unfortunately, owing to the
often complex bulk phase diagram, to finite size effects, and to
the interplay between thermodynamical and kinetic stabilities,
predicting the morphology of nanoparticles containing
thousands of atoms or more remains a highly complex and
challenging issue for systems with two or more components.
One morphology of particular applicative interest is the core—
shell motif, which can lead to multifunctionality, generate
entirely new properties that either of the two metals do not
possess, and ensure the stabilization of specific external facets
with desirable properties.' ™

While the equilibrium shape in sufficiently large mono-
metallic nanocrystals can be predicted by the well-known Wulff
construction theorem,’ the shape of core—shell nanocrystals
can rarely be anticipated.” In a previous work, Fe@Au
nanocrystals with a peculiar morphology made of an iron
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nanocube coated by truncated gold pyramids could be
synthesized by vapor phase sequential deposition.” Trans-
mission electron microscopy analyses showed that the Au shell
is actually epitaxially grown on the (100) facets of the iron
cubic core. The remarkable stability of these Fe@Au NPs with
a centered core was found to be preserved in an extended size
range and was attributed to the low misfit at the Fe/Au(100)
interface compared to other low miscible systems.””'
However, the stability of such highly symmetric structures
remains unclear when the relative size of the shell with respect
to the core varies significantly, with off-centered core—shell
NPs becoming favorable in larger systems.®

Fe@Au core—shell NPs are very promising candidates for
biomedical applications owing to the combination of a
magnetic core and a biocompatible, chemically inert, and easily
functionalized shell. Moreover, the Au shell provides an
efficient coating for the toxic Fe core. Such NPs, with a pure
Fe core, should be easier to manipulate (for drug delivery) or
heat (for destroying tumors through hyperthermia) than their
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oxides as well as provide enhanced contrast in magnetic
resonance imaging.“’12

With the aim of determining theoretically the equilibrium
morphologies of Fe—Au nanoparticles in a broad size range and
with different compositions, methods with an explicit treatment
of electronic structure are not affordable beyond a few
thousands of atoms. Atomistic models, which are tractable up
to millions of atoms, are necessary to properly describe the
interatomic forces while allowing statistical or dynamical
investigations over reasonably long or large scales. Semi-
empirical many-body potentials of the embedded-atom model
(EAM) or second moment approximation (SMA) families are
commonly used for metallic systems and often provide very
satisfactory comparisons with experimental structural and
thermodynamic properties.””~'> Transition and noble metals
that adopt a face centered crystal structure are usually the most
convenient to model within the SMA approach; bcc metals are
more complex and require more sophisticated functional forms
to account for a greater number of parameters as well as
additional but expensive angular-dependent corrections, in
some cases. In the case of iron, accurate potentials have been
developed covering both the crystalline phases and the
disordered state by Mendelev and co-workers ® and previously
by Ackland et al.'” and Dudarev et al."®

Except for similar metallic elements, a simple combination of
the monometallic potential parameters is not sufficiently
accurate to describe alloys, and parameters describing the
interactions between unlike elements must be fitted to
reproduce some alloying properties such as the heat of
solution. Zhou and co-workers'” developed an EAM potential
database for 16 different metals that can be combined to
generate directly the potentials to be used for the alloys. This
was rendered possible by the use of a general functional form
for the monometallic potentials that are normalized to a unique
state.'” To the best of our knowledge, the Fe—Au potential
proposed by Zhou and co-workers is the only semiempirical
potential available for these two metals together. So far, it has
been used by Zientarsky and Chocyk,”® who simulated
multilayer bulk compounds and, very recently, by Hong and
Rahman,”" who used it to generate candidate structures for Fe—
Au clusters to be refined at the level of density functional
theory (DFT).

One severe issue explaining the limited amount of
information regarding the Fe—Au system, especially from the
experimental side, is that the two metals are generally not
miscible. From the theoretical perspective, and as will be
elaborated further below, ab initio calculations based on DFT
also turn out to have many difficulties in describing properly
both metals at the same time. Such difficulties, together with
the potential importance of the Fe—Au system at the nanoscale,
motivated us to look for an alternative semiempirical potential
combining well-established models for the individual elements
and a dedicated form for the mixed interactions parametrized
on carefully evaluated DFT data. More specifically, we found
that a suitable combination of properties evaluated from the
different exchange and correlation (XC) functionals PBE** or
PBEsol,* depending on which is the dominant element,
provided more reliable data to be used in the training set.
Among these properties, a greater attention was paid to the
relative energies of various impurities in bulk or finite clusters,
the formation energies of different intermetallic phases and,
very importantly, to the interface energy responsible for the
local stability at the (100) Fe—Au epitaxial contact.
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In this article, we also present our first application of the
potential to the fundamental stability at finite temperature of
medium-size Fe—Au nanoparticles near the 50:50 composition
and containing 1000—2000 atoms and assumed to reside in
their core—shell geometry. Parallel tempering Monte Carlo
simulations conducted with our potential are compared with
similar calculations performed with the EAM potential by Zhou
and co-workers.'”” We generally find that the core—shell
morphology is metastable with both potentials, the core
becoming slightly off-centered with our potential, while the
Zhou EAM potential predicts the low energy structures to be
random alloys. The two potentials were also tested on
vibrational properties, the density of vibrational states
appearing to depend also markedly on the underlying model
and showing a significant dependence on chemical ordering
within the nanoparticles.

The paper is organized as follows. In the next section, we
describe the functional form chosen for our semiempirical
potential and the electronic structure calculations performed to
generate the training set. Application to the structural,
thermodynamical, and vibrational properties of selected Fe—
Au nanoparticles is presented in Section 3 before finally giving
some concluding remarks in Section 4.

2. SEMIEMPIRICAL POTENTIAL FOR FE—AU

With the purpose of modeling bimetallic nanoparticles
containing several thousands of atoms and to monitor their
evolution over reasonable time scales and at finite temperature,
we followed the approach of many-body semiempirical
potentials which have a long-standing history in the computa-
tional description of metal nanoparticles."

2.1. Functional Form. Accurate many-body potentials of
the embedded-atom model family are available for both
iron'®™** and gold,m’ld"24 and we chose to base our own
potential on two such models. We denote by R = {ry,...,ry} =
(RpeRy,) the collective variables of positions of all N atoms,
with Ry the set of positions of all elements of type X = Fe or
Au. The total potential energy of the system is written as the
generic EAM form

V(R) = Y Vi) + X Ep)

i<j

(1)

p=2n)
ji ()
where we introduced the functions V;; and p;; that depend on
the interatomic distance r;; and the embedding functions F; that
depend on the local density p;. All of these functions depend on
the atom types and were chosen to match exactly some existing
potentials for the pure metals. The complete expression is given
as Supporting Information for sake of brevity.

Expressions for the terms Viepe(r), Prere(r), and Fr (p) were
taken from Mendelev and co-workers, ° whose potential is
probably the most accurate model of this kind (i.e,, without
angular corrections) for iron in a broad range of thermody-
namical conditions. For pure gold, the potential was chosen to
match the second-moment approximation model reparame-
trized by Chamati and Papanicolaou™ to improve the
description of surface properties.

The form of the SMA potential, which involves only a limited
number of parameters and well-behaved exponential forms, was
adopted to represent the mixed Fe—Au terms of our potential:
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Table 1. Lattice Parameters, Bulk Modulus, and (001) Surface Energies of Fe and Au Computed with Several Exchange and

Correlation Functionals

Fe Au
a (A) B, (GPa) Yoo1 (m_]/mz) a (A) B, (GPa) Yoo1 (mj/mz)

PBE 2.835 186 2478 4174 136 873
PBEsol 2.789 211 3035 4.098 174 1175
vdW-optB86b 2.807 199 3030 4.138 146 1268
exptl 2.866" 165° 2417° 4.08° 162—180 1500”

168¢ 2475¢ 4,079 167°

168—172" 2550¢ 180"

“Ref 31. PRef 32. “Ref 33. “Ref 34. “Ref 35. Ref 36. SRef 37. "Ref 38.

ri
VFeAu(r) = ZESeAueXPI:_pFeAu[o—} - 1)]

FeAu (3)
2 "
pFeAu(r) = gFEAuexp _zquAu o T 1
TEeAu (4)
2 "
Prare(r) = Exureexp 2y o 1
"EeAu (5)

where the last two terms pg.a, and p g respectively denote the
contributions of surrounding gold atoms to the electronic
density of a specific iron atom and vice versa. Note that for
Veaa We used the so-called effective pair format™ in which the
exponential is replaced by a Morse function but adding a term
linear in the densities — CgePpean — CawPauwre compensated
exactly by removing this contribution from the embedding
function, F(p) — F.{p) + Cp. The two constants C,, and Cp,
are chosen in such a way that the embedding function is
minimum at the equilibrium density. These parameters are
intrinsic to the pure metals and, for the two present potentials,
are given by Cg, = 0.114955 eV and C,, = 0.07963 eV.

In the previous equations, we explicitly distinguished the
contributions of gold to the local density of iron and vice versa
by introducing unsymmetrical parameters g.y, and &y g, and
Greas and gaure. However, only one distance parameter, riy,
was used. For Fe—Au and Au—Au terms, all distance-dependent
terms were also weighted by a fifth-order polynomial function
smoothly cutting from 1 to 0 between the distances 7.05 and
7.65 A, i.e., beyond the third neighbors.

2.2. Electronic Structure Calculations. To calibrate the
semiempirical potential, DFT calculations were carried out for a
variety of bulk and slab systems using the projector augmented
wave (PAW) method,”®*” as implemented in the VASP
software package.”* ™’ As mentioned in the introduction, we
found significant difficulties in selecting an XC functional for
Fe—Au mixed systems that is of similar accuracy for both pure
elements. Table 1 gives the lattice parameter, bulk modulus,
and (001) surface energies for iron and gold calculated using
several functionals and compared with experimental measure-
ments.

Apart from the well-known PBE functional,”* we also tested
the PBEsol functional, which was specially designed to improve
equilibrium properties of densely packed solids and their
surfaces.”> Among the family of modern dispersion-corrected
nonlocal functionals developed by Dion et al,,” often referred
to as vdW-DF, the so-called optB86b functional optimized by
Klimes et al.** was selected as well, owing to its ability to
describe the structural properties of many solids.
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Spin-polarized calculations were performed with a plane
wave cutoff of 650 eV and a Methfessel—Paxton smearing
parameter ¢ of 0.01 eV."" For bcc Fe and fcc Au bulk
properties, a Monkhorst—Pack mesh of 20 X 20 X 20 and 12 X
12 X 12 k-points”* were chosen, respectively. For surface
calculations, the sizes of the slabs were chosen so that the
interlayer distance in the center of the slab is the same as that of
the bulk, as in previously published calculations.” A vacuum
layer of at least 12 A was introduced to avoid interactions
between the periodic images, and the number of k-points in the
direction perpendicular to the surface was reduced to 1.

The results of Table 1 show that none of the tested
functionals is capable of describing properly the bulk and
surface properties of Fe and Au simultaneously. The PBE
functional gives very good agreement with experimental
properties for Fe, whereas PBEsol better reproduces the
experimental data for Au, the dispersion-corrected functional
failing to solve the discrepancy. In view of these contrasted
results, we found it more consistent to compute the properties
of mixed Fe—Au compounds using both functionals: iron-rich
and gold-rich systems were computed with the PBE and PBEsol
functionals, respectively. For intermetallics with varying
composition, weighted averages between the PBE and PBEsol
data were used.

To parametrize the potential, the following energetic
properties were calculated: (i) the dissolution energies of one
atom in the other bulk metal, (ii) the alloying energies of
selected intermetallic systems, (iii) the substitution energies of
one atom in highly symmetric medium size clusters of the other
metal, and (iv) the Au(001)/Fe(001) interface energy that is
essential for describing core—shell Fe—Au NPs.

Dissolution energies were computed using the following
formula:

W=Dp () - E¥X)

AEX,Y = Etot(XYN—l) -
(6)

where X and Y stand for Fe or Au, E,,(XYy_,) is the total
energy of the system with N'Y atoms, in which one Y atom was
substituted for X, E,.(Yy) is the total energy of the system with
N'Y atoms, and E%™(X) is the bulk energy per atom of the X
metal. For the dissolution energy of Au in Fe, one Au atom was
substituted for a Fe atom in a bcc crystal of 256 atoms. For the
dissolution energy of Fe in Au, one Fe atom was substituted for
a Au atom in an fec crystal of 108 atoms. The Au-rich and Fe-
rich systems were computed using the PBEsol and the PBE XC
functionals, respectively, and the resulting DFT dissolution
energies, after relaxation of the atomic positions and cell, are
shown in Table 2. For such relatively small system sizes, the
dissolution energies may not be fully converged due to the use
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Table 2. Energies of the Various Systems in the Training Set
at the DFT Level (Reference Values) Obtained from the
Present EAM Potential or the Alternative Potential by Zhou
and Coworkers”

system DFT present potential Zhou et al.
Au in bec Fe 1.040 0.984 —5.093
Fe in fcc Au 1.693 0.238 —5.100
Feg5Atgss as Dos 0.1324 0.828 ~0.369
FegsAtg s as Ly 0.1940 0.856 —0.361
Fe,sAug; as B, 02553 0.955 —0.526
FegAugs as Ly 0.1307 0.826 —0.517
Fey7sAtgss as Do 0.1983 0.618 —0.547
FegzsAugys as Ly 0.0564 0.569 ~0.532

Aug,Fe (0) 0 0 0

Aug,Fe (2.76) 1417 1.394 0.760
AugFe (4.49) 2616 0.984 1.598
AugyFe (5.16) 1.263 0.504 1.538
Feg,Au (0) 1.614 1.193 —0473
Feg,Au (2.50) 2374 1.402 —0434
FegAu (4.52) 0.802 0.774 ~0.360
FegAu (5.12) 0 0 0

adhesion energy 2.694 2.694 3.110

“The relative cluster energies are identified by the distance of the
impurity to the center in parentheses. All energies are in eV except the
adhesion energy in J/m? and distances are in A.

of periodic boundary conditions. However, assuming that size
effects convey similarly for the semiempirical potential, these
data can be used in the fit of the potential parameters provided
that they are computed using the same system sizes.

Concerning alloying energies, the 6 following intermetallic
structures based on the bcc or fec lattices with 1:3, 1:1, and 3:1
compositions were considered, using the Strukturbericht
notations: Feg,sAug-s as Dy; (bec), FegysAugos as Ly, (fec),
FegsAugs as B, (bec), FegsAugs as Lyg (fec), FegrsAug,s as Do
(bcc), and Fey,sAug,s as Ly, (fcc). For all of these alloys,
different magnetic states for iron were computed with only the
lowest magnetic states being considered. In the more complex
case of the Dy; alloy, for which the unit cell is made of 16
atoms, only the ferromagnetic state was studied. The mixing
energy E,, was computed in such a way that**

bulk

_ bulk
Etot - NAuEAu

+ NFeEFe + (NAu + NFe)Emix (7)

where E, is the total energy of the intermetallic system, ERlk g
the bulk atomic energy of metal X, and N is the number of X
atoms in the system. This quantity was introduced for
nanoalloys by Jellinek and Krissinel** as a suitable index for
comparing systems with common size but different composi-
tions. In the case of elements with a large size mismatch, it was
suggested by Fortunelli and co-workers**® to locally
reoptimize all geometries before computing the mixing energies
to remove the possibly large but physically less significant strain
energy. For the present intermetallic compounds, atomic
positions and cell parameters were relaxed simultaneously.
For these calculations, both PBE and PBEsol functionals were
used, and the resulting lattice parameters are presented in
Figure 1 for the two considered crystalline structures.

For both lattices, the lattice parameters obtained with PBE
are always larger than the PBEsol values. Because the PBE
(respectively PBEsol) results are closer to experiment for Fe
(respectively Au), we attempted to use weighted averages
between the corresponding data to represent lattice parameters
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(a) bcc alloys

Lattice parameter (A) Lattice parameter (A)

4.21-(b) fcc alloys !
- »
4.0
3.8
o—e PBE
36 =—a PBEsol
&-¢ weighted average
3.4 experiment
| 1 | 1 | 1
0 20 40 60 80 100
% Au

Figure 1. Variations of the lattice parameters of various intermetallic
Fe—Au structures as a function of the gold concentration, as obtained
with the PBE (black circles) and the PBEsol (red squares) functionals:
(a) bec lattices and (b) fcc lattices. The blue diamonds are weighted
averages of the PBE and PBEsol data, and the §reen triangles are
experimental data from Okamoto and co-workers."”

and mixing energies as close as possible to experimental data,
the weights being simply taken as the concentration of the
corresponding metal. The lattice parameters thus obtained, also
shown in Figure 1, compare much better with the experimental
measurements of Okamoto and co-workers."”

The mixing energies obtained for the same intermetallics are
represented in Figure 2 again using the two XC functionals.

0.25[
e F
S 0.20F e—e bce (PBE)
g ; == bee (PBEsol)
3 0.150 #--¢ bee (averaged)
o f o—o fcc (PBE)
£ 010F o—a fec (PBEsol)
wF E &-< fec (averaged)
0.05F
b 1 | L | L | L | L
0 20 40 60 80 100
% Au

Figure 2. Mixing energies of intermetallic compounds with different
crystal structures as a function of the gold concentration for the bec
(filled symbols) and fcc (open symbols) systems and as computed
using the PBE (black symbols) and PBEsol (red symbols) exchange-
correlation functionals. The blue diamonds are the corresponding
weighted averages.

The weighted averages are also reported. For all studied
systems, the mixing energies are strictly positive, which
indicates the Fe—Au intermetallics are metastable, the two
metals displaying a strong immiscible character. When the two
crystal structures are compared, fcc alloys appear more stable
than the bcc systems over a large range of compositions.
However, the D; (bcc) structure is more stable than L;, (fcc)
at the Fey,sAu,s composition. Experimentally, fcc solid
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solutions are obtained for gold concentrations higher than 33%
(ref 47) and, for Fe content higher than 92%, structures based
on y-Fe seem to be more favorable than those based on a-Fe
(ref 47). Our result for the 1:3 composition cannot be directly
compared with experiments, which exhibit disordered solid
solutions at high temperature rather than order intermetallics at
0 K. In view of the fundamental difficulties of DFT to treat both
metals simultaneously, it would be useful to explore other,
perhaps less phenomenological, ways of accounting for the
presence of both metals when describing intermetallics.

To better capture size-dependent properties that are an
essential feature of nanoparticles, substitution energies of unlike
atoms in medium-size clusters were also computed, again
employing PBE and PBEsol for Au- and Fe-rich systems,
respectively. The systems chosen are the icosahedral Augg
cluster, only exposing (111) fcc facets (I, point group), and
the two-layer bcc Feys cluster extracted from the periodic
crystal (O, point group). For each cluster, four substitutional
sites k can be distinguished, and we considered the energies
AE, = E;, — E™ of each isomer relative to the most stable of its
kind: for Auy,Fe, the lowest substitutional site for iron is at the
icosahedron center; for FegAu, the optimal site for gold is at
the vertex. The resulting DFT substitution energies are shown
in Table 2.

Finally, to ensure that the epitaxial relationship between
Au(001) and Fe(001) at 45° is favorable, we introduced the
interface energy Au(001)/Fe(001) in the training set of our
potential. This introduction is motivated by our -earlier
observation® that the stability of Fe@Au core—shell NPs
elaborated by vapor deposition is due to the favorable epitaxial
relationship on the cube facets between Fe(001) and Au(001)
at 45°. This interface energy was determined previously using
DFT carried with the PBE functional.”*® In the present case,
the poor performance of the PBE functional for gold in the
lattice parameter and (001) surface energy relative to
experimental data results in a mismatch at the interface of
4.11%, at significant variance with the measured value of only
0.66% (ref 43). We showed in ref 43 that, for a large part, this
discrepancy does not affect the computed value of the interface
energy, except for a term representing the interface stress.

It is possible to relate the interface energy to the work of
adhesion of a Au(001) slab on an Fe(001) slab, W4, which can
be evaluated in a straightforward way from total energy DFT
calculations, following:

_ (EFe + EAu - EFe/Au)
A

W,dn

* (8)
where Eg, and E,, are the total energies of the bare Fe and Au
slabs, respectively, Eg, /4, being the total energy of the interface
system, and A is the area of the interface. The work of adhesion
is related to the interface energy 7, through the equation

I/V;dh = }/(13301) + 7/(13(1)11) + Za(ggl)exx - (}/int + 2’o-intexx) 9)
where }'%(001) is the surface energy of X(001), 6‘&3101) is the Au
surface stress, o, is the interface stress, and €, is the in-plane
strain due to the lattice mismatch. From earlier DFT
calculations,* the work of adhesion is evaluated as 2.85 J/m?
which leads to an interface energy of 0.376 J/m’ taking into
account the interface and surface stress terms for the PBE
lattice mismatch.

The chosen semiempirical potentials for Fe and for Au
reproduce the experimental mismatch to a very good accuracy.
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This leads to a very low misfit at the Au(001)/Fe(001)
interface that allows the interface and surface stress terms to be
neglected in the expression for the work of adhesion in a first
approximation. The EAM potential of Mendelev'® gives a
Fe(001) surface energy of 2.009 J/m? and the SMA potential
of Chamati’* gives a Au(001) surface energy of 1.061 J/m?
When the interface energy is fixed to the DFT value of 0.376 J/
m?, the resulting work of adhesion that should be satisfied by
the model is therefore equal to 2.694 J/m’.

2.3. Parametrization and Model Assessment. The
present potential is aimed to describe nanoscale systems in
which the proportion of surface and interface atoms is
important. We adjusted the 7 parameters of the Fe—Au
contribution to the potential by best reproducing the above-
described 15 data items whose reference values were provided
by the DFT calculations: 2 bulk substitution energies, 6
intermetallic energies, 2 X 3 cluster energies, and 1 adhesion
energy. An error function containing the above 15 contribu-
tions was minimized by performing various series of zero-
temperature Monte Carlo simulations in parameter space,
slowly reducing the maximum displacement amplitude by 3/4
every 1000 MC cycles. In the error function, a 10-fold weight
was given to the interface adhesion energy.

The final values obtained for these 15 properties are reported
in Table 2 and compared to the predictions of the alternative
EAM potential by Zhou and co-workers."”” The optimal
parameters themselves are ppe, = 2.8203, gpeay, = 1.6334,
Gavre = 2.7193, Edpy = 0.021155 €V, Epep, = 0.082649 eV, &y pe
= 0.016565 €V, and 7%, = 3.5128 A.

Clearly, our EAM potential is not able to reproduce all of the
required properties in the training set with the same high
accuracy. In particular, it performs better on gold impurities
inside iron in either cluster or bulk phases than on the reverse
case of iron inside gold. It is also worth noting that the
corresponding DFT value of 1.693 eV is very high and hard to
reconcile with the experimentally known low transition
temperature to the solid solution in gold-rich alloys."”** This
observation suggests that electronic and vibrational entropies
and the internal energy should contribute significantly to the
free energy of the solid solution. The intermetallics are also not
perfectly described, although it should be emphasized that no
experimental data are available for these structures. Yet, they are
all locally stable with both potentials, suggesting that the
intermetallics are also metastable structures within the DFT
descriptions. However, the most striking feature is the very
different behavior of the EAM potential by Zhou et al. which,
despite a reasonable adhesion energy at the gold/iron interface,
exhibits a strong tendency for mixing, as seen from the
systematically negative substitution energies and mixing
energies for all intermetallic phases. The tendency for alloying
is also manifested in the different ordering among the isomers
of the gold-substituted Feys clusters with gold preferring the
central position in the Zhou EAM potential. This result is in
contradiction with both the DFT and present EAM data and
should lead to contrasted behaviors in larger NPs. We tried to
reoptimize the mixed Fe—Au parameters of the Zhou EAM
potential, keeping all original contributions for Fe—Fe and Au—
Au unchanged, but could not successfully cure this tendency for
mixing.

3. APPLICATION TO FE@AU NANOPARTICLES

The newly parametrized EAM potential for Fe—Au was first
tested to evaluate the stable morphologies, thermal equilibrium,
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and vibrational properties of medium-sized nanoparticles
containing about 1000—2000 atoms. Two nanoparticles (one
of ~1000 atoms and one of ~2000 atoms) were initially
constructed by first building a bec Fe cube with truncated
edges. Six truncated gold pyramids with height parallel to the
(001) crystallographic direction were then placed on the 6 cube
facets following the Au(001)/Fe(001) epitaxial relationship at
45°. The pyramid bases were chosen large enough to cover the
truncated edges of the Fe cubes. After a conjugated gradient
relaxation using the present EAM potential, excess Au rows
between the gold pyramids at the cube edges could be
observed. These excess rows were then removed, and the
structure was relaxed again. The two initial NPs generated this
way were then Fe,g,Aus 4 and Fe| 0Au g,

3.1. Computational Protocol. Parallel tempering
Monte Carlo simulations were performed for both nano-
particles in the 300—1500 K temperature range using initially a
geometrically distributed temperature ladder with 32 rungs and
adjusting some rungs near the phase transition to improve the
exchange probabilities.”””>* Individual Monte Carlo moves
consisted of random individual displacements (90%) and
particle swaps between gold and iron atoms (10%). Exchanges
between random pairs of neighboring replicas were attempted
once every 10 MC cycles, one cycle representing N individual
moves with N the total number of atoms. In the present work,
10 successive series 10’ MC cycles were performed for each
system at each temperature.

The parallel tempering strategy was chosen as one of the
practical and efficient ways to overcome broken ergodicity in
simulation and in particular for its ability to achieve broad
sampling of the energy landscapes and locate low-energy
structures. While this approach should enable a satisfactory
description of the equilibrium properties in the canonical
ensemble, a second series of Monte Carlo simulations was
performed to investigate the core—shell metastability by
discarding the exchanges between replicas, thus mimicking
the natural behavior of the nanoparticle under imposed heating.

From the Monte Carlo simulations, the internal energy U =
(E) and various structural properties were obtained using a
weighted histogram analysis method.”**° Here, we considered a
global mixing parameter (i) where the configuration-depend-
en5t7,u is defined from the local connectivity of individual atoms
as

50,51

_ DNrere + Nawaw = Npeau
NFeFe + NAuAu + NFeAu

(10)

where N,y denotes the number of A—B bonds between first
neighbors. The parameter p displays high positive values for
phase segregated systems but negative values for alloyed
structures. Here, all bonds within 3.5 A were considered to
calculate u.

In addition to the equilibrium structural and thermodynam-
ical properties, we considered the vibrational response of the
nanoparticles as a possible probe of their structure. In practice,
1000 configurations sampled at 300 K from the Monte Carlo
simulations were locally minimized into as many inherent
structures, and for each structure, a harmonic analysis was
performed, giving a series of 3N — 6 frequencies w; with
associated normalized eigenvectors Uy, k = 1,.,3N. The
vibrational density of states (VDOS) was then obtained by
summing over the 1000 independent spectra. The specific
contributions of gold and iron to the VDOS were also
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calculated by determining for each frequency w; the relative
weights ¢;x of individual elements X = Fe or Au:

Gx = Z 6kXUii
k (11)

where §x acts as a Kronecker symbol, taking the value 1 if atom
k is of type X and 0 otherwise.

3.2. Thermodynamical Equilibrium. The variations of
the internal energy of the two nanoparticles with increasing
temperature, as predicted by the presently parametrized
potential, are represented in Figure 3. A few representative
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Figure 3. Internal energy obtained for the Feyg,Aug 4 and Fe;j49Au; g,
nanoparticles as a function of temperature using the present EAM
potential. Representative structures obtained at selected temperatures
are identified by symbols and lowercase or uppercase letters and
depicted in Figure 4. Structure i is the putative global minimum of the
smallest NP at 0 K.

snapshots showing the evolution of the representative NP
morphologies, identified by labels i—iii and I-III, are depicted
in Figure 4 after removing the front half for better visualization.
For both particles, the internal energy shows smoothly
increasing variations with a rather broad jump near 1200 K
for the smaller NP and between 1000—1300 K for the larger
NP. These stronger jumps are associated with finite size phase
transitions”® and will be discussed in more detail below.
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Figure 4. Half-cut structures of Feyy Aug s and Fe,j40Au, o, at various
temperatures, corresponding to the labels i—iii and I-III in Figure 3, as
obtained from parallel tempering Monte Carlo simulations with the
present EAM potential.
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The first remarkable result obtained from these simulations is
the thermal stability of the initial core—shell structures, even
though the initial, highly symmetric (octahedral) geometries are
not lowest in energy. The parallel tempering MC simulations
manage to locate slightly more stable structures in which the
iron core remains essentially unchanged but the gold shells
undergo some rearrangements to better accommodate the
epitaxial contact. In the smaller NP, the lowest-energy structure
(Figure 4i) can barely be distinguished from the octahedral
initial condition, above which it lies by only 8 meV/atom. In
the larger NP, the rearrangement is more significant, with a
distinct symmetry breaking occurring with a portion of the
outer gold atoms moving to the other sides and the iron core
appearing moderately off-centered. This rearrangement can be
more clearly seen at 300 K (Figure 4I), but at this temperature,
the fluxional motion of the gold shell can also clearly be seen
for the smaller NP, where a transition to an off-centered Janus-
type structure takes place with the iron core partly protruding
through the gold shell (Figure 4ii). In the larger NP, a slight
tendency to protrusion is also noticed above 800 K (Figure
411), but the core remains completely covered by gold.

The increase in internal energies above approximately 1200
K signals the melting phase change,58 in which the gold atoms
isotropically coat the molten iron core (Figures 4iii and III).
Even in their liquid state, both iron—gold nanoparticles thus
remain well phase separated within the core—shell chemical
ordering. At even higher temperature, the NPs would dissociate
had they not be kept connected by a container. The
dissociation proceeds by dipolar elongation (results not
shown).

Parallel tempering MC simulations were also performed
using the Zhou EAM potential, again starting from the same
core—shell structures as with the previous simulations. The
variations of internal energy with increasing temperature have
been reported in Figure S, and representative pictures of the
particles extracted from the simulations at different temper-
atures are shown in Figure 6. The possibility of swapping atoms
of different types and to exchange configurations between
neighboring trajectories produces much more stable minima
that are based on the face-centered cubic crystal but with a clear

Bl
— Fe,q,Aug, ¢ (solid solution) )

— [ - FeygAlgg ) ) ///
g 38k E:1149231194 (solid solution) //’ - )
§ 7 TE1149 1104
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>
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Figure S. The information presented is the same as that in Figure 3
but obtained using the EAM potential by Zhou and co-workers. Two
series of results are shown, as produced from parallel tempering (full
lines) or conventional (dashed lines) Monte Carlo simulations. In the
latter case, the simulations are initiated from the core—shell structure.
Representative structures obtained at selected temperatures are
identified by symbols and lowercase or uppercase letters and depicted
in Figure 6.
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Figure 6. Typical structures of Fe,g,Aug s and Fe; 4 0Au, o, at various
temperatures, corresponding to the labels a—c and A—C in Figure S, as
obtained from parallel tempering Monte Carlo simulations with the
EAM potential of Zhou and co-workers.

random alloy character; they are shown in Figures 6b and B.
The internal energies exhibit rather strong signatures of phase
changes at about 1100 K for the smaller nanoparticle and at
1200—1300 K for the larger NP. Inspection of the structures
reveals that both nanoparticles melt as whole, the crystalline
order being lost, but chemical disorder present in the low-
temperature phase remaining above the melting range (Figures
6¢c and C). At very high temperatures, both molten particles
display again dipolar deformations on their way to dissociation.

The solid solution behavior obtained here for the EAM
model by Zhou et al. is not surprising in light of the tendency
for mixing already noted in the previous section. This behavior
is a priori inconsistent with experiment, in which aging of
nanoparticles synthesized in a core—shell fashion would
naturally produce alloyed structures should they be the most
stable. Although the present work does not directly address the
kinetics of such transformations,” the Zhou EAM potential
thus appears probably unrealistic to describe core—shell
nanoparticles.

With this limitation in mind, we tried to circumvent the
metastability issue by repeating the Monte Carlo simulations
but discarding exchange moves between replicas and not
allowing any swapping move between unlike atoms. This
procedure makes the computational methodology similar to
more conventional stochastic molecular dynamics trajectories
and manages to keep a better track of the initial conditions
imposed to the simulations. The final structures obtained at 300
K for both NPs, shown in Figures 6a and A, remained very
close to the initially symmetric structures with truncated gold
pyramids coating the cubic iron core.

The internal energies obtained using this nonergodic
simulation protocol, also represented in Figure S, show
contrasted results with respect to the parallel tempering MC
simulations with the initial core—shell structures appearing
much higher in energy than the random alloys located with the
latter method. Under such constraints, the internal energies of
the two NPs vary much more smoothly and do not exhibit
phase changes as strong as when they are left to adopt their
more stable solid solution form. However, at high temperatures,
they eventually melt and mix nearly simultaneously, the
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differences in internal energy with the ergodic solid solution
results being now much lower.

Further considerations can be made about the phase diagram
which, for the iron—gold sample, does not show compounds
besides demixed phases at low temperature and solid solutions
at high temperature in the gold-rich region.””** From the
dissolution energies AEg,,, and AE,,r, the transition
temperatures T.(x) in the composition—temperature diagram
above which the solid solution becomes more stable can be
roughly evaluated in the limits x,, = 0 and xz, — 0 as x. =
exp(—AE/kgT.). Use of the values from Table 2 yields T, ~
350° for 1% iron in gold, which is in reasonable agreement with
experimental data. In the iron-rich region, we get T, = 1450°
for 0.1% gold in iron, which is noticeably higher than the
experimental value, although of comparable magnitude.

Beyond these simple arguments, additional Monte Carlo
simulations were performed under periodic boundary con-
ditions starting from the intermetallic structures already
employed to fit the potential. These simulations were carried
out at constant zero pressure with possible swap moves
between unlike atoms at the three same compositions of
FegasAug s, FegsoAugso, and Fey,sAug,s starting from the fec-
or bec-based intermetallics listed in Table 2. Our aim here is
not to characterize the entire phase diagram of the Fe—Au
system but only to obtain some insight into the fundamental
properties of the present EAM potentials. The tendencies for
unmixing and full mixing of the present potential and the Zhou
EAM model, respectively, generally remain as such under
periodic boundary conditions for these specific systems, as
shown in Figure 7, where typical structures obtained at 300 K
are depicted.

Figure 7. Configurations obtained from zero-pressure Monte Carlo
simulations at T = 300 K with periodic boundaries and initiated from
the L, intermetallic Fe,sAuy ;s using (a) the presently parametrized
EAM potential and (b) the Zhou EAM potential. Iron and gold atoms
are depicted as gray and yellow balls, respectively.

No clear evidence was found from similar simulations
performed at higher temperatures for solid solution behavior in
the gold-rich region. This is in agreement with the results
obtained above on nanoparticles that remain phase separated
up to the melting point. While such a feature could of course
point out some intrinsic inaccuracy of the present potential at
high temperature (fitted on static properties only), these
complementary calculations confirm that, at least under
ambient conditions, it is more realistic than the Zhou EAM
potential for describing bulk compounds.

3.3. Chemical Ordering and Interface Structure. To
shed more light on the stability of the core—shell configuration,
and in particular how unlike elements are arranged relative to
each other, we considered the structural order parameter
provided by the average mixing index (u). The variations of this
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quantity with increasing temperature are represented in Figure
8 for the two nanoparticles in the three models, namely, the
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Figure 8. Average mixing order parameter (u) obtained for the
FeyoAug g (full lines) and Fejj4Au,;os (dashed lines) nanoparticles.
The parallel tempering Monte Carlo results from the present EAM,
and Zhou EAM potentials are shown in black and blue, respectively.
The results obtained for the Zhou EAM potential using conventional
Monte Carlo simulations initiated from the core—shell structure are
shown in red.

presently parametrized EAM potential and the EAM potential
by Zhou et al. simulated either ergodically or imposing the
initially metastable core—shell initial structure.

The two metals remain phase separated with the present
EAM potential even above the melting range, the mixing index
displaying always positive values, and only minor but visible
increases as the NPs melt. Conversely, the mixing order
parameter for the Zhou EAM potential simulated with
exchanges and particle swap unsurprisingly displays negative
values that are essentially constant in the entire temperature
range, the particles keeping a fully mixed character through the
melting phase change. If the simulations are performed on the
metastable core—shell structure, phase separation remains until
about 1200 K for the smaller NP, 1300 K for the larger NP, and
mixing sets in as the particles melt.

We also considered the mixing energy E,; from eq 7 as a
probe of the relative stability of the various configurations
explored by the two potentials. For nanoparticles, the terms
E3* should be replaced by the energies of the nanoparticles of
the pure corresponding element at the geometry of the mixed
NP, or as advocated by Fortunelli and co-workers**° for such
size-mismatched systems, after local reoptimization. Here, we
calculated the mixing energies of the low-energy structures
depicted in Figures 4 and 6, and the resulting values are
reported in Table 3.

In the absence of relaxation, the mixing energy exhibits
particularly low negative values for the core—shell structures
with the presently introduced potential, much lower than that
with the EAM potential of Zhou and co-workers. However,
inspection of the static energies E,, and Eg, for the unrelaxed
homogeneous structures of the mixed NP shows positive
values, indicating that they are indeed quite far away from their
equilibrium geometry and making the mixing energy even more
negative. When this artifact is removed by geometry
minimization, the overall picture shows opposite trends with
the mixing energies associated with present potential being still
negative but with a very low magnitude, while the Zhou EAM
potential keeps markedly negative values. For both models, the
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Table 3. Mixing Energies (E,;,) Obtained for Low-Energy
Structures Labelled in Figures 4 and 6 with the
Corresponding Potential”

structure and model E,x (eV/atom) E,x (eV/atom, relaxed)

i -2.27 —0.019
ii -2.50 —0.026
I —2.43 —0.0091
1I —1.87 —0.034
a —1.04 —0.27

b —0.94 —0.37

A —1.04 —0.25

B —0.95 —0.38

“Values before and after geometry relaxation of the homogeneous
clusters are given for E ;.

mixing energies further decrease with the NPs finding more
stable configurations (i — iiand I —» I, a — b and A — B).

The local structure of the gold—iron interface in the two
nanoparticles was also investigated by determining the pair
distribution function g(rges,), which gives the probability of
finding Fe and Au atoms at distance rg.4, from one another.
The variations of these distributions calculated at 300 K with
increasing radial distance are represented in Figure 9 for the
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Figure 9. Pair distribution function g(rp.s,) between iron and gold
atoms obtained at 300 K for the FeyAuss (lower panel) and
Fe,j40AU; 0, (upper panel) nanoparticles using parallel tempering
Monte Carlo simulations with the present EAM and Zhou EAM
potentials and conventional simulations for the Zhou EAM potential
initiated from the core—shell structure.

two EAM models. As seen previously, the results obtained from
the EAM potential by Zhou and co-workers but imposing the
core—shell metastable struture are also reported. The gold—
iron interface in the core—shell nanoparticles appears much less
structured with the present EAM potential than when described
with the Zhou EAM potential, already at short distances. This
points to the much stronger Fe—Au bond in the latter model,
also favoring mixing in absence of any restraint in the
simulation. In particular, the Fe—Au distance is shorter with
our potential, and the broader distribution of nearest-neighbors
is consistent with the clearly nonsymmetric core—shell
structure (ii) depicted in Figure 4. Letting now the NPs evolve
as solid solutions leads to marked differences beyond the first
neighbor distances r > 4 A. Finally, no significant finite size
effect can be noticed for the three simulations, the pair
distributions scaling linearly with the nanoparticle size.

3.4. Vibrational Properties. Another way of characterizing
the nanoparticles that has become increasingly accurate in
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recent years relies on their spectroscopic response in the optical
. 60,61 : :
range relevant to plasmonics but also in the infrared range
. 62,63 64
through nonlinear Raman” or pump—probe’” measure-

ments. In Figure 10, we show the densities of vibrational states
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Figure 10. Vibrational densities of states obtained for a 300 K sample
of 1000 configurations of the Fe g Aus s nanoparticle described using
the present EAM potential (lower panel) and the Zhou EAM potential
(upper panel), emphasizing the separate contributions of iron and gold
atoms in red and blue, respectively. In the case of the Zhou EAM
potential, the results are also shown for a sample originating from
conventional simulations based on the core—shell structure (middle
panel).

obtained for the smaller nanoparticle using the 300 K sample
produced by the Monte Carlo simulations for the two
potentials and, in the case of the Zhou EAM potential,
imposing the core—shell structure or letting it evolve into a
solid solution. For each spectrum, the specific contributions of
gold and iron are indicated, as calculated using eq 11. All
spectra show two main peaks corresponding to the vibrations of
gold and iron atoms at lower and higher frequencies,
respectively, consistently with their different masses. The two
spectra calculated for core—shell structures predict a high
frequency peak near 275 cm™, which is absent in the randomly
alloyed nanoparticle. This feature is robust and does not
depend significantly on the potential. However, the contribu-
tion for gold is quite different with a main peak near 60 cm™
with the Zhou EAM potential but a much broader peak
extending over 100—150 cm™" with the presently parametrized
potential. In this region, the vibrational modes are also much
more mixed between gold and iron. The Zhou EAM potential
also predicts relatively minor alloying effects with the gold peak
near 60 cm™' and the secondary peak near 110 cm™' being
preserved in the solid solution NP.

4. CONCLUDING REMARKS

The core—shell chemical ordering in bimetallic nanoparticles is
of utmost interest for applications in which the physically
relevant core is likely to react with the surrounding medium,
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hence the need for protecting it by a more inert shell. It is also
susceptible to lead to multifunctionality and generate new
properties, e.g., in catalysis or optoelectronics. Understanding
the formation mechanisms and stability of core—shell nano-
particles is a prerequisite for improving control over their
properties. In the present contribution, we addressed the
specific case of iron—gold nanoiparticles, which could have
valuable biomedical applications,”"'> by means of computa-
tional modeling at the atomistic level of detail. In view of the
reasonably large systems we aim to study, we chose the
approach of semiempirical many-body potentials which have a
long and successful history in the field of metal alloys. However,
the only existing potential that we are aware of'* turns out to be
disputable in the absence of specific adjustment on
experimental data for the nonmiscible Fe—Au system. There-
fore, we carried out extensive density functional theory
calculations of various bulk and finite size Fe—Au clusters
and found it very difficult to correctly describe these
compounds with a single exchange-correlation functional. The
properties of the alloys turn out to be better represented by
suitable averages over results obtained with either the PBE or
the PBEsol functionals that are more appropriate for iron and
gold, respectively.

The electronic structure data could be used to train a
semiempirical potential of the EAM family, combining many-
body potentials already available for iron'® and gold®* and
adjusting only the mixed interaction, paying particular attention
in the fitting process to the interface energy at the epitaxial
Au(001)/Fe(001) contact at 45°. As a first application, the
present potential was used to evaluate the intrinsic thermal
stability of Fe@Au nanoparticles containing about 1000—2000
atoms near the 50% composition, performing Monte Carlo
simulations possibly enhanced with parallel tempering to
expand sampling of the energy landscape. We found the
core—shell NPs to be thermally stable over a broad temperature
range extending up to 1000 K or more even though the gold
shell undergoes deformations already at room temperature to
achieve more favorable off-centered morphologies with a less
ordered interface structure with the iron core. In a recent finite-
element modeling analysis of the same system,’ although for
much larger NPs than those presently considered, it has been
shown that the morphology with a centered core was largely
attributable to the low misfit at the Fe/Au(100) interface and
to the prominent importance of surface energies. However, in
this study, only perfect Fe cubes were considered, and the
highly strained Au/Fe interface at the truncated Fe cube edges
and corners was not taken into account. The off-centered
morphologies obtained here might therefore be induced by
strain relaxations at the cube edges. The role of strain relaxation
on the optimal location of the iron core within the NP will be
scrutinized in more detail in the future, notably considering the
contribution of internal stress.”

In contrast, the EAM potential by Zhou and co-workers'”
predicts randomly mixed nanoparticles already at low temper-
atures and a mestatable core—shell structure when particle
exchanges are forbidden. The two potentials also predict
qualitatively different vibrational properties that reflect
markedly different Fe—Au interactions.

Our potential is thus more realistic than the Zhou EAM
potential at low temperatures, yet it cannot reproduce the solid
solution behavior known in the experimental phase diagram for
gold-rich compounds at high temperatures. Further refinements
such as the inclusion of angular terms® or many-body
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screening functions®® could be also added to the Fe—Au
contributions that allow for more flexibility and transferability
with the price of extending the training set. To assess the
accuracy of our potential further, it would be useful to perform
electron microscopy measurements on aging samples to
determine whether a tendency for mixing is found over long
times. It would also be of interest to explore the vibrational
properties experimentally, e.g, by Raman spectroscopy, to
discriminate between the respective contributions of the two
metals.

However, our main perspective will be to exploit the
potential to address the more complex problem of the
formation mechanisms of the core—shell Fe@au nanoparticles
in close relation with experiments,® working either at variable
Fe/Au concentration in the semigrand canonical ensemble or
addressing more directly the deposition process on a preformed
core. Progress along these lines is expected in the near future.
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