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ABSTRACT: Fe−Au core−shell nanoparticles displaying an
original polyhedral morphology have been successfully synthe-
sized through a physical route. Analyses using transmission
electron microscopy show that the Au shell forms truncated
pyramids epitaxially grown on the (100) facets of the iron cubic
core. The evolution of the elastic energy and strain field in the
nanoparticles as a function of their geometry and composition is
calculated using the finite-element method. The stability of the
remarkable centered core−shell morphology experimentally
observed is attributed to the weak elastic energy resulting from
the low misfit at the Fe/Au (100) interface compared to the surface energy contribution.
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Among the different possible distributions of two metals in
a nanoparticle (NP), the core−shell chemical order is

particularly valuable as it takes advantage of the properties of
the two different metals, whereas its particular morphology
helps to prevent the core metal from oxidation. Such
heterostructures display unique electronic properties, enhanced
reactivity, and easier functionalization.1−5 Different properties,
such as catalytic reactivityincluding photocatalysis6or
electrical conductivity,7 for instance, are also known to be
dependent on the NP morphology and especially on the
presence of crystalline facets. Faceted core−shell NPs are thus
highly desirable.
The stability and consequently the equilibrium shape of

core−shell nanocrystals are still largely unknown. In mono-
metallic nanocrystals, the equilibrium shape, described by the
well-known Wulff construction,8 results from the minimization
of the orientation-dependent surface free energy. Similar
construction was proposed for metallic alloy nanocrystals and
gave evidence of a size dependency of the equilibrium shape.9

The case of bimetallic NPs with separated domains, as core−
shell nanocrystals, is even more complex. In addition to the
mentioned size effect, which presumably still operates, the
strong interaction between the two metallic domains prevents a
straightforward determination of their equilibrium shape. The
complex interplay between structure, geometry, and chemical
ordering in core−shell or Janus-like NPs was thus recently
pointed out.10,11

In this paper, we focus on the synthesis and the stability of
faceted Fe−Au core−shell nanocrystals. The Fe−Au system
indeed presents suitable properties for synthesizing core−shell
nanocrystals. The large difference in surface energies, 1.500 J·

m−2 for (111) Au compared to 2.417 J·m−2 for (100) Fe
(experimental values)12 should promote Au free surface
segregation. Besides, despite the structural dissimilarity of
body-centered cubic (bcc) iron and face-centered cubic (fcc)
gold, and a large difference in lattice parameters (aFe = 0.28665
nm for Fe and aAu = 0.40784 nm for Au, values taken from
Okamoto et al.13), Au can grow epitaxially on a (100) iron
plane with the following orientation relationship Au (100)
[011]//Fe(100)[010]. In a previous paper,14 we investigated
the structural and electronic properties of this particular
interface through density functional theory (DFT) calculations.
The value of the Au (100)/Fe(100) interface energy was found
as low as 356 mJ·m−2, favoring the coverage of (100) iron facets
by gold.
Combining a magnetic core with a biocompatible, chemically

inert, and easily functionalized shell, Fe@Au core−shell NPs
are promising candidates for biomedical applications, as far as
the Au shell provides an efficient coverage of the toxic Fe
core.15 Such NPs benefit from the superior properties of Fe
compared to its oxides to be manipulated (for drug delivery) or
heated (for destroying tumors through hyperthermia) as well as
to provide enhanced contrast in magnetic resonance imaging
(MRI).16 Thus, in recent years, much attention has been paid
to the synthesis and properties of Fe−Au core−shell NPs both
theoretically4 and experimentally.17−21 Most of these studies
report chemically synthesized Fe−Au NPs, formed by an
assembly of nanograins and displaying a rounded shape. Using
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solid-state dewetting of thin Fe/Au films at high temperature,
Amram et al. recently succeeded in growing large [110]-
oriented monocrystalline Fe islands encapsulated in a thin Au
film.22

Controlling the structure and geometry of Fe−Au core−shell
nanocrystals however remains a major issue to take full
advantage of the properties of each metal in its crystalline state
and to protect both Fe from oxidation and cells from Fe
toxicity. Besides, due to facet-specific binding of organic
molecules,23 shaping of the gold shell is essential to control
the interaction between the NP and its organic environment.
Here, we report the successful synthesis of Fe−Au bimetallic

crystalline NPs adopting an original polyhedral core−shell
morphology in which a Fe nanocube core acts as a
nanosubstrate for the epitaxial growth of gold islands with a
truncated pyramid shape. First, we detail the synthesis of these
Fe−Au NPs, about 13 nm large, through a physical route and
their structural, geometrical, and chemical characterization by
transmission electron microscopy (TEM) and related techni-
ques at the atomic level. The origin of their highly symmetrical
morphology is then investigated with special focus on the
respective part played by elastic and surface energies (see
Supporting Information for more details on synthesis,
characterization, and finite-element analysis).
Fe−Au NPs were grown by sequential deposition from two

elemental targets in an ultrahigh vacuum sputtering device. A
NaCl (100) crystal was used as a substrate and covered by a 5
nm thick amorphous alumina layer. The metallic layers, with
nominal thicknesses of 2 nm for iron and 1 nm for Au, were
then deposited at 800 °C (substrate temperature measured in
our setup) in order to ensure the formation of Fe NPs and to
favor the diffusion of gold atoms or small clusters toward the Fe
NPs. After metal deposition, the temperature was slowly
decreased to room temperature and maintained at this
temperature to deposit a 5 nm thick alumina cover layer in
order to prevent oxidation and NPs coalescence. After
dissolution of the NaCl substrate, the Fe−Au NPs embedded
in the alumina matrix were deposited on copper grids for TEM
investigations. Figure 1 displays a general view of the grown
NPs recorded in a high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) mode. The
corresponding size distribution histogram, displayed in Figure
1, was fitted with a log-normal function with a mean value of
12.8 nm and a standard deviation of 2.8 nm. The histogram
thus reveals a narrow size dispersity, despite the unavoidable
coalescence of some NPs leading to the larger NPs sizes
reported in the histogram. Thanks to the Z-contrast, available
in HAADF-STEM mode, the dark-core/bright-shell distribu-
tion observed in most of the NPs can be undoubtedly
attributed to an Fe-rich core and a Au-rich shell, respectively.
Moreover, these NPs display a well-defined morphology with a
cubic Fe core and a shell formed of Au pyramidal islands when
they are suitably oriented, that is, when they are observed along
one of the Fe cube facets (note that the NPs are randomly
oriented in the alumina matrix). One of these NPs is displayed
in the inset of Figure 1. Interestingly, pure Fe NPs grown in the
same conditions mostly exhibit a rounded shape, and the cubic
morphology only appears after Au coverage (see S1 in
Supporting Information).
The chemical composition of the core and pyramid regions

of several NPs was analyzed by energy dispersive X-ray
spectrometry (EDS). Figure 2 presents the EDS spectra
recorded in two different regions of a small nanoparticle. Due

to the presence of top and bottom Au pyramids, the spectrum
recorded in the core region displays both Fe and Au peaks. On
the contrary, only the Au peaks are clearly observed in the
pyramid region. Of course, Fe traces in Au (or Au traces in Fe)
can remain undetected because of a very low signal-to-noise
ratio. However, interdiffusion of the two species is only
expected at high temperature or in size-constrained systems24,25

and the slow decrease of the temperature during the synthesis
process (prior to the deposition of the cover layer) will
promote phase separation (fcc Au and bcc Fe). Indeed, the
miscibility of Au in bcc Fe is already as low as 0.1 at. % at 500
°C (ref 26 and included references). The HAADF-STEM
image displayed in Figure 2 clearly reveals the existence of two
different crystal lattices (one in the core region and one in the
surrounding pyramids). In order to go further in the structural
analysis, and in particular to clearly identify the two different

Figure 1. As-grown Fe−Au NPs observed in HAADF-STEM mode.
The corresponding size distribution of the NPs is displayed in inset
together with an enlarged view of one of the numerous NPs presenting
a very regular core−shell morphology with an easily recognizable
square-shaped core.

Figure 2. Left: EDS spectra recorded respectively in the core (top)
and shell (bottom) regions of the NP displayed on the right. Right:
HAADF-STEM image of the corresponding Fe−Au NP.
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lattices, the NPs were also studied in Cs-corrected high-
resolution TEM (HREM). Note that in this mode, the contrast
of the atomic columns in the iron core can be optimized by
changing the focus conditions, thus imaging the central region
of the NP, despite the presence of gold pyramids on the upper
and lower faces of the Fe core. Low Si contribution should be
due to some contamination. A typical HREM image of a
suitably oriented NP is displayed in Figure 3. The analysis of
the diffractograms (Fourier transforms) corresponding to the
core and the pyramids confirms that both regions are formed
by nanocrystals (not shown). The Fe nanocrystal, in its bcc
phase, is observed along a [001] axis and displays a nanocube
shape exposing {100} facets. The fcc Au nanocrystals, observed
along their [011 ̅] axis, present a truncated pyramid morphology
with top and bottom bases parallel to (100) planes and lateral
facets parallel to (111) planes. The scheme in Figure 3 sums up
this structural and morphological analysis. It is worth noticing
that the concavity of the Au surface is directly related to the
presence of the Fe cube corners and more precisely to the angle
of 160.6° between (111) Au facets of two adjacent truncated
pyramids.
The lattice parameter in the Au pyramids was better

determined using the geometrical phase analysis method
(GPA).27 In this method, the analyzed region, here the Au
pyramid, is considered as a strained version of the reference
region, chosen in the Fe region in our case. The colored map
superimposed to the HREM image in Figure 3 (color online)
displays the variation (δ[100]) of the lattice plane spacing in a
given region compared to the (100) lattice plane spacing in the
center of the iron core. The line profile along the [100] Fe axis,
displayed in inset, shows an abrupt increase of δ[100], around
40%, when crossing the interface from the Fe core to pyramid
1. This measured variation well agrees with the important
relative change in lattice parameters (aAu − aFe)/aFe. In pyramid
2, which is differently oriented relatively to the Fe lattice, the
measured lattice spacing corresponds to the spacing of a
{110}* Au plane family (the * referring to the Au lattice). The
absence of contrast at this interface clearly reveals the coherent
epitaxial growth of the Au pyramids over the Fe cube facets.
In summary, the Au shell has epitaxially grown on the Fe

{100} cube facets following the previously mentionned

orientation relationship. The misfit parameter at the interface
plane defined as f = (aAu − aFe√2)/aAu = 0.6% is weak, favoring
the easy growth of gold under a slight in-plane compressive
strain.
In order to understand the stability of this highly symmetrical

morphology, especially compared to an asymmetric Janus-like
morphology, the shape-dependency of the NP energy is
evaluated in the following through the computation of the
elastic and surface energies. Though, in principle, the substrate
influences the observed NP morphology,28,29 the use of an
amorphous alumina substrate prevents any significant elastic
transfer from the substrate to the NP. Besides, interface
energies promote a gold/alumina interface30 and gold weakly
wets alumina. The effect of the substrate on the equilibrium NP
shape, thus, is expected to be at most a slight truncation of the
gold shell.31 Hence, in the following, calculations are performed
on unsupported NPs.
The normalized NP elastic energy Ẽel = Eel/E2D was

calculated by the finite-element method (FEM) in the frame
of anisotropic elasticity. Eel is the elastic energy in the NP and
E2D is the elastic energy stored in a Au 2D layer (with same Au
volume as in the NP) homogeneously strained with an in-plane
biaxial strain ϵ∥ = −f and free of out-of-plane stress (See
Supporting Information for more details on the finite-element
analysis). The values of Fe and Au elastic constants used in the
calculation are the experimental ones measured at 300 K.32,33

The observed core−shell symmetrical morphology is
modeled by an iron cube with edge b of 8 nm (consistent
with the NP displayed in Figure 3), surrounded by six identical
Au truncated pyramids with height h (with h varying from 0.8
to 2.4 nm, i.e., for h/b = 0.1, 0.2, and 0.3). Note that the
quantity h/b is also reminiscent of the relative gold volume
compared to the Fe one. The crystallographic orientations of
the truncated pyramids correspond to the ones experimentally
observed and, in agreement with the results of the GPA
analysis, the pyramids are coherently strained on the Fe core.
The stability of the core−shell morphology is investigated by
computing the evolution of the normalized elastic energy Ẽel
along a shape transition to a Janus-like morphology: the height
of five out of six pyramids is progressively decreased while the
height of the sixth pyramid hh increases, for a given Au volume

Figure 3. Left: HREM micrograph of a core−shell NP and corresponding scheme. The directions and planes labeled with a star (*) correspond to
the Au structure. Right: same micrograph superimposed to the map of δ[100] measured by geometrical phase analysis (color online). The line profile
along the [100] Fe axis, taken from the rectangular region, is plotted in the inset.
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(the Fe volume remaining constant). The ratio hh/b ranging
from h/b to 0.7 (i.e., the value corresponding to the
untruncated pyramid, given the pyramid angle of 54.7°) plays
the role of an order parameter to describe the shape transition.
From FEM, we found that Ẽel is less than 1 in all investigated

morphologies. This demonstrates that the elastic energy Eel in
the NP is relaxed compared to the energy of the 2D layer, E2D.
Moreover, the calculations showed that about 10% of Eel is
supported by the iron deformation. Thus, the relaxation of the
elastic energy is due, not only to the free surfaces of the
truncated pyramids, but also to the transfer of a part of the
elastic strain from the Au shell to the Fe core. The situation is
very close to the mechanism involved in the island growth
mode usually observed in mismatched heterostructures.34

Figure 4 reports the normalized elastic energy Ẽel as a
function of hh/b, for three different relative Au volumes. For the

smallest relative Au volume considered here, h/b = 0.1, the six
truncated pyramids are four Au monolayers (ML) high in the
fully symmetrical core−shell chemical distribution hh/b = h/b.
In this situation, about 20% of the elastic energy is released
compared to an unrelaxed 2D Au layer. The normalized elastic
energy Ẽel decreases as the NP adopts an asymmetrical
configuration. In the extreme configuration (hh/b = 0.7),
about 30% of the elastic energy is released. For the largest Au
volume, h/b = 0.3, which is close to the experimentally
observed NPs, 40% of the elastic energy is released and Ẽel
remains almost independent of hh/b. Thus, the elastic energy
tends to favor asymmetrical Janus-like chemical configurations,
especially for small Au volumes. Clearly, these effects originate
from the strain distribution inside the pyramids.
Figure 5 displays a map of the ϵzz strain component (i.e.,

along the vertical axis of the figure) inside NPs containing the
smallest and largest relative gold volume for both the
symmetrical and asymmetrical configurations. Inside the
truncated or untruncated pyramids, ϵzz corresponds either to
the out-of-plane strain ϵ⊥ or to the in-plane strain ϵ∥
component, depending on the pyramid position (top/bottom
or side).
For the smallest relative gold volume in the symmetrical

configuration (hh/b = h/b = 0.1, Figure 5a), the strain field in
gold truncated pyramids remains nearly homogeneous and
close to the theoretical values for the 2D layer given by ϵ∥ = −f
= −0.006 and ϵ⊥ = (2C12 /C11) . f = 0.0102. On the contrary, in

the asymmetrical configuration (h/b = 0.1 and hh/b = 0.7,
Figure 5b), the Au volume transferred from the lower truncated
pyramids to the untruncated one benefits from a much larger
elastic relaxation. Especially, in the untruncated pyramid, ϵ⊥ is
close to zero beyond a distance of about 0.3 b from the
interface. The same occurs for ϵ∥ (not shown). For the largest
relative gold volume h/b = 0.3, the top of the truncated
pyramids is already relaxed (Figure 5c) in the symmetrical
configuration hh/b = h/b = 0.3, explaining (i) the smaller
normalized elastic energy Ẽel than with hh/b = h/b = 0.1, as
displayed in Figure 4 and (ii) the fact that removing a small
amount of Au from five truncated pyramids to complement the
sixth one (Figure 5d) does not significantly change the elastic
energy. This also shows that the most external atomic layers of
the experimental NPs (closed from the configuration h/b = hh/
b = 0.3) are practically free of stress.
Given the high surface/volume ratio in NPs, the volume

elastic energy must be compared to the surface and interface
energies. The surface energy Es is calculated considering the
surface energy 1.500 J·m−2 for (111)Au (experimental value
from ref 12) and 1.800 J·m−2 for (100)Au. With the lack of
experimental data, this last value is deduced from the ratio of
(111) and (100) surface energy calculated by DFT.14 As the
Au/Fe interface energy remains unchanged when changing the
shape from the symmetrical to the Janus-like configuration
considered here, the NP total energy E is defined as the sum of
the elastic and surface energies. Surface and interface stresses,
not considered in this approximation, will be discussed below.
Figure 6 reports the evolution of the NP total energy E as a
function of the ratio hh/b for the three relative gold volumes
and for two different NP sizes b = 8 nm and b = 800 nm. For a
NP size in the experimental range (b = 8 nm), the NP energy
(Figure 6a) increases with hh/b. Indeed, the surface energy

Figure 4. Evolution of the normalized elastic energy Ẽel in Fe−Au NPs
with a cubic iron core (edge b) and a gold shell formed by six
truncated pyramids when one of the pyramid (height hh) grows at the
expense of the five others (as represented in the inset). Calculations
were done for: b = 8 nm, f = 0.6%, and h/b = 0.1, 0.2, and 0.3.

Figure 5. (color online) Mapping of the ϵzz strain component
displayed along the central cross section of a NP (at x = b/2) in NPs
with two different Au volumes corresponding to top, h/b = 0.1 (a and
b); bottom h/b = 0.3 (c and d). For each Au volume, we compare fully
symmetrical hh/b = h/b (a) and (c) and asymmetrical hh/b = 0.7 (b)
and (d) nanoparticles. Note that the ϵzz component corresponds to
the out-of plane strain for the top and bottom Au pyramids, and to the
in-plane strain component for the other pyramids.
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monotonously increases from the symmetrical to the asym-
metrical configuration and is about 2 orders of magnitude larger
than the elastic energy. Nevertheless, as the surface and elastic
energies scale, respectively, as b2 and b3, they are expected to
compete for larger NP sizes. A NP size as big as b = 800 nm
was necessary to find a minimum in the NP energy curve, as
reported in Figure 6b for the smallest studied relative gold
volume (h/b = 0.1).
These results demonstrate the enhanced stability of the Fe−

Au core−shell with centered core in a wide range of NP size
and for different shell thicknesses. The investigated Fe−Au
NPs, thus, behave differently than already reported NPs formed
in weakly miscible systems.10,11 In the Ag−Cu system,11 for
instance, the stability of the core−shell geometry is strongly
dependent on the shell thickness in NPs with size comparable
to the Fe−Au NPs. Numerical calculations10 performed on
Au−Cu and related systems (Ag−Ni, Ag−Co, and Au−Co)
showed that centered cores were unstable in crystalline core−
shell NPs, whereas they were stable in icosaedral NPs. Two
important characteristics of the core−shell NPs whose stability
was investigated so far in the literature35 are worth noticing: (i)
the two metals crystallize in the same structure (typically fcc,
including Co at small size) and (ii) there exists an important
misfit between the two structures (as high as 11% in CuAg or
even 14% in Au−Co for instance).
In the Fe−Au system, the low misfit at the (100) interface

plays an important role in the morphology of the equilibrium
configuration giving, over a wide range of NPs size, a
prominent importance to surface energies. Indeed, imposing a
large artificial misfit of 6% (not shown) in our FEM calculation,
the total energy of a NP with b = 8 nm displays an energy
minima favoring a slightly asymmetric morphology.
Our model includes a single type of Fe/Au interface.

However, small (110) facets were sometimes observed at the
cube edges of the Fe core. These facets, which dominate in the
Wulff polyhedron for bcc crystals, will favor the formation of a
Fe(110)/Au(111) interface with anisotropic lattice misfit.36

The role of the gold shell on the morphology of the cubic iron
core, and in particular on the development of the large (100)

facets with low misfit experimentally observed at the expense of
(110) facets with anisotropic misfit, has not yet been explored
but will be considered in further studies.
Surface and interface stresses were not taken into account in

the present study. Using DFT calculations, surface and interface
stresses have been recently shown to be non negligible to
predict the elastic state of Fe−Au NPs with sizes up to 20 nm.37
However, the contribution of surface and interface stresses
remains at most comparable to the one of the elastic energy for
a 10 nm NP: its influence on the NP morphology (symmetric
or Janus like) is thus expected to be very weak.
In summary, we achieved the synthesis of a new kind of

core−shell Fe−Au NPs by a physical vapor deposition method.
The TEM analysis of these highly faceted NPs demonstrated
the epitaxial growth of strained Au pyramids on {100} Fe
nanocube facets, ensuring an efficient protection of the core.
The NP energy was calculated from fully symmetrical core−
shell to asymmetrical Janus-like configurations. We showed that
the remarkable stability of the Fe−Au NPs with centered core,
in a large size range, was largely attributable to the low misfit at
the Fe/Au (100) interface compared to other low miscible
systems. Besides, FEM calculations also demonstrated that the
state of strain at the exposed surface facets of the Au shell varies
from fully strained to fully relaxed states depending on the NP
morphology. These different results are of great interest for
applications of core−shell magnetic nanoparticles. First,
demonstrating that a complete gold shell can be grown on an
iron nanocrystal, thus preventing the core from oxidation and
ensuring biocompatibility of the NPs, provides a new design
strategy for the biomedical field. Then, this morphology was
found fully stable in the size range targeted in these
applications. The control of key parameters as the nature and
the state of strain of the exposed facets, as provided by this
study, will be decisive for mastering surface properties of core−
shell NPs, which is essential for further functionalization.
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