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Abstract 

Bcc-fcc multi-metallic nanoparticles associating a single-crystal core (Fe, FeCo alloys…) with a 

polycrystalline noble metal shell (Au, AuAg alloys …) are perfectly symmetrical or more irregular, 

even dramatically dissymmetrical, yet presenting a good crystalline organization. Here a combination 

of experimental analysis and theoretical symmetry analysis is proposed, in order to provide a unified 

description of the observed morphologies (Fe-Au and Fe-AuAg systems), whatever their symmetry, 

and predict some morphology variability in a population of nanoparticles. First the central role of the 

crystal lattice accommodation is comprehensively analyzed from the experimental Fe-AuAg system. 

The two possible bcc-fcc epitaxial relationships generate a core-shell interface in the shape of a 

truncated rhombic dodecahedron. This results in two different types of grains in the shell which are 

elastically accommodated between them by an equal distribution of twins and low angle grain 

boundaries, however at the cost of internal stresses. At the same time, a symmetry breaking results 

from two possible growth variants originating from the Nishiyama-Wasserman epitaxial 

relationships. The shell grains fit together in a nano-puzzle-like organization, resulting in a large 

number of possible arrangements distributed in 13 different point groups of symmetry, all of lower 

order than the core symmetry (highest order of cubic symmetry). If the variants are randomly 

distributed, the probability for the nanoparticle to be asymmetric (group 1) is 80%. The 

dissymmetrical development of the nanoparticles is then discussed. Extending this approach to other 

core shapes succeeds in predicting dissymmetrical or dramatically off-centered morphologies 

experimentally observed in Fe-Au nanoparticles. 

*Corresponding author anne.ponchet@cemes.fr 
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I. Introduction 

Nanoparticles (NPs) are extensively studied for their unique properties that combine size and 

surface effects with intrinsic properties of their components. Multifunctionality or exalted properties 

may be even promoted in multi-phased NPs [1-4]. For instance, associating Fe based cores with a 

noble metal as shell offers several potential opportunities: prevent the core from oxidation, protect 

its magnetic properties, provide a good biocompatibility and propose large surfaces for 

functionalization (as adsorption of biomolecules…) using less noble metal than monometallic NPs. 

These properties depend on the NP structure, including its chemical composition, chemical order, 

morphology and size [1-4]. The origins of NP structures and morphologies are to be found in their 

mechanisms of formation, i.e. the driving forces at play and the kinetic mechanisms that hinder or 

favor the pathway towards equilibrium shapes. Multi-phased NPs are also constrained by the 

accommodation of the different phases, resulting in either the so-called Janus (partial wetting) or 

core@shell (complete wetting) chemical order. The properties of crystalline NPs are in addition 

sensitive to atomic arrangements, defects, and nature of surfaces, and the formation of multi-phased 

crystalline NPs is also driven by the construction of the crystalline interface that accommodates the 

different lattices. 

Symmetry is also one of the characteristics governing the properties of crystalline NPs. 

Investigating the origin of symmetry breaking in NPs compared to bulk components is receiving much 

attention [4, 5]. As localized surface plasmon resonances or magneto-plasmonic properties of 

metallic nanostructures are sensitive to shape, size, surface, strain and defects, symmetry reduction 

offers new opportunities to tune these properties [6-10]. The symmetric or dissymmetrical 

configuration of multi-phased NPs (either core@shell, Janus, or containing cavities) can lead to quite 

different optical responses, depending on the centered or off-centered character of the plasmonic 

phase (its thickness being then homogenous or not), and on the shape of the plasmonic phase 

(corners, vertices, size and shape of facets and interfaces…) [6, 8-10]. For catalytic properties of NPs 

or their functionalization by molecule adsorption, surfaces with a large number of low-coordinated 

atoms are desirable, which strongly depends on the nature, size and shape of the crystalline facets 

and edges, all being symmetry-related [6, 11-13]. Symmetry reduction can be due, for instance, to 

finite size effects modifying the atomic arrangements compared to the bulk crystal, to twins (or other 

planar defects), to coalescence mechanisms and/or to kinetics effects leading to non-equilibrium 

morphologies (nanowires for instance) [4, 5]. Regarding multi-phased NPs, the Janus ones are thus, 

quite obviously, less symmetrical than their bulk components. Comprehensive studies were devoted 

to symmetry breaking in isostructural core@shell NPs, namely fcc@fcc [14-16], including the notable 

case of decentering of the core due to a mechanism of internal stress relaxation. 
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Understanding and even predicting the morphologies of NPs is thus a current challenge that 

requires a detailed knowledge of all the mechanisms likely to tune not only the size, the chemical 

order but also the symmetry [4, 5]. A population of NPs is even more complex, due to the distribution 

of these characteristics over certain ranges [4]. Controlling or predicting their properties requires to 

investigate individual NPs, but also to gain an insight into the structure variability at the scale of a NP 

population. Investigating experimentally individual NPs is challenging, due to their small size and to 

the difficulty to recover the complete three-dimensional (3D) morphology from 2D imaging. 

Describing a NP population is in addition fragmentary, particularly due to the selection bias (only a 

few NPs can be analyzed, generally among the most perfect, and they may not be representative of 

the population). Models describing experimental NPs in a rational way are thus very desirable, 

particularly when their construction relies on the understanding of the mechanisms of formation, 

and describes not only single NPs, but also NP populations. 

Here we focus on the relationships between lattice accommodation, morphology and 

symmetry in multi-phased NPs that associate a face-centered cubic (fcc) noble metal, namely Au or 

Ag and their alloys, with a body-centered cubic (bcc) metal, namely Fe, or with a cubic B2 metal as 

ordered CoFe and FeRh alloys. Our aim is to provide a unified description of the observed core@shell 

morphologies, whether they are highly symmetric or highly dissymmetric. 

There are two well-known epitaxial relationships between Au (fcc) and Fe (bcc) [17, 18], 

respectively the Bain one {001}bcc <110>bcc // {001}fcc <100> fcc, and the Nishiyama-Wasserman 

one {110}bcc <001>bcc // {111}fcc <110>fcc (in the following, the crystallographic indices will be 

systematically accompanied either by bcc or fcc to distinguish the core and the shell, respectively). 

Thanks to their large difference in surface energy [19], the growth mode of Au on Fe substrates is 2D 

Franck-van-der-Merve (full wetting) [20]. As the two metals present a large gap of miscibility [21], 

using Fe nanocrystals as nano-substrates thus leads to a core@shell chemical order [22, 23]. Once a 

full wetting layer of 2-3 Au monolayers is formed, a Fe@Au NP is very stable against dewetting. A 

core@shell chemical order with a full Au wetting layer is also reported with CoFe or FeRh cores [24, 

25]. 

Thanks to the two possible epitaxial relationships, in the general case, the ideal shape of the 

interface between the core and the shell is a rhombic (or rhombohedral) dodecahedron truncated by 

{001}bcc faces (Fig.1), improperly referred as truncated rhombic dodecahedron latter on. It consists 

in 12 hexagonal {110}bcc and 6 square {001}bcc faces, topped by grains of the noble metal growing in 

the <111>fcc and <001>fcc directions, respectively. 
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Fig.1. Generic shape of the 3D interface of bcc@fcc NPs, formed by 12 hexagonal {110}bcc and 6 

square {001}bcc faces. 

 

In previous works [20, 26], different experimental morphologies of Fe@Au NPs obtained with 

small Fe cores (5-10 nm) were elucidated as being equilibrium shapes resulting from the competition 

between surfaces, core@shell interface and grain boundaries. The equilibrium shape evolves with 

the Au/Fe volume ratio. When the Au amount is just sufficient to form a thin wetting layer, the 

equilibrium shape of the NPs is close to a truncated rhombic dodecahedron [20]. With a large Au/Fe 

volume ratio, it consists in a simple Fe cube with 6 square {001}bcc faces topped by Au pyramids 

growing in <001>fcc directions, because the {001}Fe/{001}Au interface has a much lower energy than 

the {110}Fe/{111}Au one. At the same time, the pyramidal shape bounded by {111}fcc and top 

{001}fcc facets (the two most stable surfaces of noble metals [27-29]) contributes to minimize the 

total NP energy [20]. 

Beside these rather regular and well-centered morphologies with a quasi-cubic symmetry 

(Fig.2(a)) reported in Fe@Au [22, 26] and in CoFe@Au NPs [24], morphologies with lower symmetries 

were also observed. In a recent experiment [30], the Fe@Au NPs formed with a larger core (in the 

range 10-20 nm) were no longer centered (so called off-centered NPs). The large cores themselves 

were no longer completely cube-shaped (that can be accounted for by kinetic limitations preventing 

the interface to reach its equilibrium shape), but the strong dissymmetry of the shells was even more 

dramatic (Fig.2(b)). None of the causes of symmetry breaking mentioned above could satisfactorily 

explain these observations. For instance, the stress relaxation mechanism leading to a core 

decentering, as investigated in the isostructural fcc@fcc systems [14-16], cannot explain here the 

strong shell dissymmetry, because the elastic energy is negligible compared to the surface and 

interface energies [22]. The possible role of kinetics mechanism remains also very speculative. 
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Fig.2. Morphologies of Fe@Au NPs displaying (a) a cubic symmetry with a centered core or (b) an off-

centered core and a strongly dissymmetrical shell [20, 22, 26, 30]. 

 

The AuAg alloy is another candidate to produce core@shell NPs with Fe. Indeed, Ag and Au 

crystallize in the same fcc structure without lattice parameter misfit between them and they are 

miscible. In addition, Ag forms the same epitaxial relationships with Fe as Au does [31] and is 

expected to fully wet Fe, from density functional theory (DFT) calculation [32]. The equilibrium shape 

of the interface of Fe@Ag NPs predicted by DFT calculation [32] is a truncated rhombic 

dodecahedron (not yet observed). 

The manuscript is organized as follows: thanks to the growth and structural analysis of 

Fe@AuAg NPs (section II), we propose a comprehensive description of the various mechanisms 

accommodating the crystalline lattices in bcc(core)@fcc(shell) NPs, with here a focus on the 

polycrystalline shell (section III). It allows to demonstrate that there exists a symmetry breaking with 

a crystallographic origin, intrinsic to bcc@fcc systems (section IV). We then explore systematically the 

symmetries that a NP can possess with a highly symmetrical core, and discuss how this leads to a 

dissymmetrical development of the shell (section V). Finally, we extend our approach to irregular and 

dissymmetrical core shapes and we discuss the origin of highly dissymmetrical morphologies as 

experimentally observed in large off-centered Fe@Au NPs (section VI).  

 

II. Experimental analysis  

Fe@AuAg NPs were grown by dc magnetron sputtering in a Mantis ultra-high vacuum (UHV) 

chamber using high purity Fe, Ag and Au elemental targets and an amorphous silica substrate itself 

deposited on NaCl crystals. The Fe and AuAg layers were sequentially deposited at a same 

temperature of 600°C with a growth rate of 0.007 nm/s and 0.014 nm/s, respectively. The nominal 

deposited thicknesses were 1.6 nm, 0.6 nm and 0.6 nm for Fe, Au and Ag respectively. Once formed 



6 
 

the NPs are protected by a 5 nm thick amorphous silica cover layer deposited at room temperature. 

This procedure is the same as the one described for Fe@Au NPs in [26, 30]. 

A plan-view specimen was prepared for atomically resolved high-angle annular-dark field 

(HAADF) scanning transmission electron microscopy (STEM) experiments using a JEOL ARM200F cold 

FEG probe-corrected microscope, by transferring the SiO2 films containing the metallic layers onto 

TEM copper grids, after dissolution of the NaCl substrate in deionized water. 

Fig.3(a) displays a Fe@AuAg NP observed in plan-view by HAADF-STEM, that at first glance is 

relatively regular in shape. First of all, the core@shell chemical order is clearly highlighted both by 

the different intensities of the core and the shell, and by the two different crystalline lattices. A 

complete crystallographic analysis of the NP is displayed in Fig.3(b). 

The core forms a single bcc crystal, here observed along a <001>bcc direction. The observed 

2D section of the core is close to an octagon, with four large edges along the <100>bcc directions, 

and four smaller edges along the <110>bcc directions. This well corresponds to a 2D section in a 

{001}bcc plane from a truncated rhombic dodecahedron (Fig.1). 

The shell exhibits the typical atomic arrangements of fcc crystals seen perpendicularly to a 

<110>fcc direction. Two different interface types are identified:  

(i) {001}bcc/{001}fcc interfaces (green lines) are abrupt and straight. They generate a coherent, quasi 

perfect epitaxial growth of the shell. 

(ii) {110}bcc/{111}fcc interfaces (red lines) are abrupt but not straight: they form small steps with a 

regular pattern, with a periodicity of 5 bcc atoms (Fe) and 4 fcc atoms (Au or Ag) along the 

<110>bcc//<112>fcc directions. 

Consistently with the existence of two interface types, we identify two growth orientations 

and as many grains in the shell as the core has faces visible in Fig.3(b), i.e. four grains growing in a 

<001>fcc direction (from a {001}bcc/{001}fcc interface) and four grains growing in a <111>fcc 

direction (from a {110}bcc/{111}fcc interface), hereafter named <001>fcc and <111>fcc oriented 

grains, respectively. In Fig.3(b), in each grain, one or two elementary 2D cells are inserted for 

identifying the fcc grain orientation. 
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Fig.3 (a) Atomically resolved HAADF-STEM image of a Fe@AuAg NP, observed along a <001>bcc 

direction. (b) Structural analysis of the NP. 
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Adjacent <111>fcc and <001>fcc oriented grains share a {111}fcc plane, forming the grain 

boundary. These grains boundaries can be classified into two types depending on the relative 

disorientation between the two grains: 

(i) There is a change in the atomic stacking on either side of the grain boundary, which is therefore a 

{111}fcc twin (in dark blue in Fig.3). The two adjacent grains then display a large disorientation. 

(ii) There is no change in the atomic stacking at the boundary (in light blue), but the two adjacent 

grains are slightly disoriented. These boundaries will be referred to as low angle grain boundaries 

(LAGB). Considering that there are two different adjacent grains or one single distorted grain is 

questionable. However, within the framework of epitaxial growth, it is relevant to define two 

different grains from the observed interfacial relationships. 

Each grain is well crystallized and free of extended defects originating from the interfaces. No 

dislocation is observed along the boundaries. One dislocation is nevertheless seen inside the top left 

<111>fcc oriented grain. 

Finally, green and red dotted lines are used as eye guides respectively for the traces of the 

{001}fcc and {111}fcc planes forming the NP surface. 

 

 

III. Coherent and incoherent accommodation of the different crystallites  

The accommodation of the crystalline lattices due to this polycrystalline NP geometry is 

complex and involves the combination of several mechanisms. The accommodation of fcc and bcc 

lattices at the core@shell interface was already analyzed in previous works [22, 26] and is similar to 

that reported for the Au/Fe [18] and Ag/Fe [31] 2D heteroepitaxy: 

(i) The perfect {001}bcc/{001}fcc interface is due to the well-known Bain epitaxial relationship [17]. It 

is fully coherent thanks to the small effective 0.6% misfit existing in the two <001>bcc//<110>fcc 

directions of the interfacial plane (the misfit is similar for Au/Fe and Ag/Fe). 

(ii) The {110}bcc/{111}fcc interface is attributed to the Nishiyama-Wasserman (NW) epitaxial 

relationship [17], that remains coherent in the <001>bcc//<110>fcc direction (0.6% misfit) but is 

expected to be incoherent in the <110>bcc//<112>fcc direction (23% misfit).  

The NP observed here allows to provide a more accurate and comprehensive description of 

the lattice accommodation than already reported. It first provides a very direct evidence of the NW 
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interfacial arrangement at the nanometric scale of a NP. The step patterns observed at the 

{110}bcc/{111}fcc interfaces in Fig.3 have exactly the periodicity expected for the coincidence 

network recovering the 23% misfit, i.e. 4 fcc for 5 bcc atoms. This coincidence network corresponds 

to the introduction of a misfit dislocation every 4 fcc or 5 bcc atomic columns. The steps probably 

reduce the local distortion due to the dislocation network. 

(See Supplementary Material for more details on the misfit accommodation and dislocations 

at bcc-fcc interfaces). 

This NP also gives new insights on the accommodation mechanisms due to the polycrystalline 

character of the shell. As pointed out in section II, the lattices are fully coherent throughout the 

whole shell, without dislocations. An elastic distortion of the lattice is directly visible in each <111>fcc 

oriented grain: elemental 2D cells taken at two different places of a grain are significantly disoriented 

(Fig.3(b)). To quantify this distortion, we report in Fig.4(a) the angles between the two boundaries of 

each grain (measured from Fig.3(b)) and compare them with the angle between two {111}fcc planes 

in the relaxed fcc crystal, i.e. 0° or 70.53° (or its complement 109.47°). In the four <001>fcc oriented 

grains, the angles between the two {111}fcc boundaries are -3°, -7°, -70° and 63° respectively (with 

an error bar in the measurements of +/- 2°). The average shift from the relaxed bulk situation (0°, 0°, 

-70.53° and 70.53°) is -4.2° with a standard deviation (SD) of 3.2 °. In the four <111>fcc oriented 

grains, the measured angles between the two {111}fcc boundaries are 92°, 95°, 97° and 93°, 

respectively (error bar +/-2°). The average value is 94.2° with a SD of 1.9° and the average shift from 

the relaxed bulk situation (109.47°) is thus -15.3° with a SD of 1.9°.  

This reveals internal stresses. A part of these stresses originates from the residual misfits at 

the bcc-fcc interfaces. They are however rather small, and the modification of the angle that they 

induce between two families of {111}fcc planes (around 1°, see Supplementary Material for more 

details) is negligible compared to the measured shifts.  
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Fig.4 (a) Angles between the grain boundaries, measured from Fig.3(b). (b) Zoom on two <111>fcc 

oriented grains. One red line prolongates the interface and forms a 109.47° angle with the other one, 

as expected between two {111}fcc planes in a relaxed crystal. The blue lines show the actual location 

of the {111}fcc planes forming the boundaries. Note the presence of one dislocation inside the left 

grain. (c) Schematic representation of the atomic arrangement in <001>bcc 2D section (only a 

quadrant is shown), with the average experimental angle (94°) between the LAGB and the twin. (In 

this scheme, the size of the {110}bcc//{111}fcc interface corresponds to one complete period of the 
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coincidence network (see Supplementary Material for more details). An incomplete coincidence 

network would result in a small additional misfit at the interface and eventually a shift by one plane 

of the twin.) 

 

 

To identify the major contribution to these large shifts, one has to compare a relaxed crystal 

with the grains as they actually coexist in the shell (Fig.3(b)). As the angle between two different 

{111}fcc planes in the relaxed fcc crystal is 0°, 109.47° or its complement 70.53°, associating the four 

<111>fcc oriented grains with the four <001>fcc oriented grains in relaxed state to form a shell, while 

being bounded by shared {111}fcc planes, would require (starting from the top left grain, in the 

clockwise direction): 

109.47° + 0° + 109.47° + 0° + 109.47° - 70.53° + 109.47° + 70.53° = 437.88° 

Since there are only 360° available, there is an angular gap of -77.88°. (Note that the contributions 

from the <001>fcc grains cancel each other out). This angular gap is distributed as -19.47° per 

quadrant consisting in one <111>fcc oriented grain and two half <001>fcc oriented grains, or as -

9.74° per boundary (see Appendix A for more details). Consequently, the eight grains can coexist only 

at the cost of some internal stress. This stress originating from the boundaries is essentially 

compressive, biaxial in the {001}fcc planes parallel to the interfaces for the <001>fcc oriented grains, 

and uniaxial in the <112>fcc interfacial direction for the <111>fcc oriented grains (with probably 

shear components).  

The two average shifts, -4.2° (SD 3.2°) and -15.3° (SD 1.9°), express how the theoretical 

angular gap (-19.47° per quadrant) is experimentally distributed in the two types of grains. So, the 

stress induced by the geometrical accommodation in the shell is shared by all the grains, but it is 

significantly larger in the <111>fcc than in the <001>fcc oriented ones (Fig.4(b) and (c)). The 

curvature of the atomic planes is visible inside each of the four <111>fcc oriented grains; the {111}fcc 

planes parallel to the interface are especially curved at the vicinity of the point of intersection 

between the {110}bcc//{111}fcc interface, the {001}bcc//{001}fcc interface and the twin boundary 

(Fig.3(a) and 4(b)). This is schematically depicted in Fig.4(c). 

It is worth noticing that grains could have been plastically accommodated with dislocations at 

the grain boundaries, as usually observed in larger polycrystals. With the disorientation of -9.74° at 

each boundary, the required distance between dislocations (one every 6 atomic planes, 

approximatively) is however of the same order of magnitude as the shell thickness (for more details, 
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see Appendix A). This is then not surprising to observe elastic accommodation and no dislocations. In 

addition, similarly to the Stranski-Krastanov growth mode in highly mismatched systems [33-41], 

elastic rather than plastic relaxation is favored by the numerous free surfaces of the grains, that 

partially release the stress (especially via steps at the surface of the <111>fcc oriented grains). Some 

transfer of stress into the core can also contribute to reduce the total elastic energy [22, 37, 41]. The 

isolated dislocation inside one <111>fcc oriented grain (Fig.4(b)) can also be understood as reducing 

the internal compressive stress. 

Finally, the accommodation of the lattices at the junction between three adjacent <111>fcc 

oriented grains is not experimentally accessible, and is possibly source of additional defects, stresses 

and local distortions.  

To summarize, in this NP there are different mechanisms of lattice accommodation and 

stress relaxation: 

(i) The bcc and fcc crystals are coherently accommodated along the <001>bcc//<110>fcc 

directions, that generates a small compressive stress, biaxial in the <001>fcc oriented 

grains and uniaxial in the <111>fcc oriented grains. 

(ii) The bcc and fcc crystals are incoherently accommodated along the <110>bcc//<112>fcc 

directions with an interfacial coincidence network of 5 bcc versus 4 fcc atoms (concerns 

<111>fcc oriented grains). 

(iii) The accommodation between <111>fcc and <001>fcc oriented grains of the shell is fully 

coherent, thanks to boundaries formed by {111}fcc planes shared by the two grains. No 

dislocation is visible along the grain boundaries.  

(iv) This coherent accommodation between <111>fcc and <001>fcc oriented grains is 

unavoidably accompanied by an elastic lattice distortion in the shell, generating a stress 

mainly compressive in the <111>fcc and <001>fcc oriented grains. This is due to an 

angular gap of -19.47° over 90° per quadrant. 

(v) A dislocation inside a <111>fcc oriented grain can contribute to relax the internal stress 

in the shell. 

(vi) Partial stress relaxation can occur through free surfaces. 

(vii) Some stress can be transferred to the core. 

The points (i) and (ii) result from the lattice misfits between core and shell, while (iii) to (v) 

are due to the geometrical constraints to build the polycrystalline shell. 
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IV. From lattice accommodation to symmetry breaking in bcc@fcc NPs 

In this section, the case of the studied NP is used to explore the links between the lattice 

accommodation and the NP morphology, and a generalization of these links is introduced. Fig.3 

brings indeed to light some dissymmetry in the shell morphology: (i) The grains boundaries are not 

distributed symmetrically. (ii) The four <001>fcc oriented grains do not display the same morphology. 

(iii) On the contrary, all <111>fcc oriented grains display a relatively similar morphology. 

The shell dissymmetry does not find its origin in the core shape, the visible 2D section of the 

core being assimilable to the cross-section of a truncated rhombic dodecahedron. The non-

symmetrical distribution of the boundaries allows to identify a crystallographic origin. The symmetry 

breaking is a consequence of the epitaxial growth. While for a <001>fcc oriented grain, the plane 

normal to the interface and to the section plane is a symmetry element (it is indeed a {110}fcc plane), 

it is not the case for a <111>fcc oriented grain: As a consequence, two crystallographic variants of a 

<111>fcc oriented grain can grow on a {110}bcc core face, depending on the stacking of the {111}fcc 

planes parallel to the interface. 

The symmetry loss resulting from all the possible distributions of four variants in a plane is 

reviewed in Fig.5. The octagonal cross-section of a bare core has a high order of symmetry with a 4-

fold axis and four mirrors (Fig.5(a)). Then the variants are symbolized by arrows oriented either in the 

clockwise or counter-clockwise direction, depending on the direction of the {111}fcc planes stacking. 

The variant distribution displayed in Fig.5(b) has a 4-fold axis symmetry but no mirror; in Fig.5(c) it 

has a 2-fold axis symmetry and two mirrors; in Fig.5(d) it has one mirror; in Fig.5(e) it has no 

symmetry. These symmetries apply only for a distribution of four variants in a plane but do not 

presume the 3D symmetry. (Note also that the angular gap is  

360° - 4x109.47° = -77.88° 

in all cases, the contributions of the <001>fcc oriented grains cancelling each other out as in the 

experimental case). 
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Fig.5. Symmetry reduction due to four variants in a plane (analysed in 2D section). (a) Initial 

symmetry of a {001}bcc cross-section of the core. (b)-(e) For each {110}bcc face, the red lines indicate 

the two families of {111}fcc planes of the <111>fcc oriented grain likely to grow on it. The arrows 

symbolize the variants. The four different possible configurations are displayed from the highest 

order of symmetry (b,c) to the complete loss of symmetry (e); (e) corresponds to the experimental 

2D section displayed in Fig.3. 

 

As a result, one <111>fcc oriented grain is necessarily separated from one of its two <001>fcc 

oriented neighbors by a LAGB and from the other one by a twin. Reversely, one <001>fcc oriented 

grain can be separated from its two neighbors visible in 2D section by two LAGB, two twins, or one 

LAGB and one twin. These three different possible configurations exist in the observed NP (Fig.3(b)). 

The morphologies of the <001>fcc oriented grains are then fully determined by the distribution of 

the <111>fcc oriented variants. 

To summarize, there is a loss of the symmetry with a crystallographic origin: the existence of 

two possible variants for the <111>fcc oriented grains. It has no impact on the morphology of the 

<111>fcc oriented grains themselves, but it dramatically impacts the morphology of the <001>fcc 

oriented grains. 
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In the next section, the impact of the variant distribution on NP symmetry and morphology 

will be considered in 3D. 

 

V. NP symmetry and 3D shell morphology with a truncated rhombic dodecahedron core 

In this section, we intend to explore in 3D the possible NP morphologies within the 

constraints imposed by the lattice accommodation i.e. by the fact that each <111>fcc oriented grain 

is separated from its two neighboring <001>fcc oriented grains by a twin and a LAGB, respectively. To 

decorrelate the respective roles of the core shape and of the lattice accommodation, here the core is 

modeled by 6 identical {001}bcc and 12 identical {110}bcc faces. 

In the following, symmetry breaking will be used relatively to the core symmetry. 

 

A. 3D representation of the symmetry breaking and of the resulting NP morphology 

Understanding the NP morphology requires to consider now the lattice accommodation in 

the 3D space. For this purpose, we use a pattern to represent a truncated rhombic dodecahedron 

(Fig.6(a-c)). The pattern in Fig.6(a) symbolizes the 3D interface (or bcc core) shape: the square and 

hexagonal faces correspond to the two interface types, respectively generating the six <001>fcc and 

twelve <111>fcc oriented grains on {001}bcc and {110}bcc faces. 

Then we need to represent the symmetry breaking induced by the variants of the <111>fcc 

oriented grains growing on the {110}bcc faces: the resulting variant distribution will be symbolized by 

arrows crossing the hexagonal faces in the <110>bcc//<112 >fcc directions (with the same 

convention as in Fig.5, i.e. the arrow points toward the {111}fcc planes of the interface). 

 The consequence of the lattice accommodation is that the morphology of each <001>fcc 

oriented grain depends on its boundaries, which are four in number in the 3D space. To make it 

visible, for each <001>fcc oriented grain, a color is attributed to each quarter of its square base, 

depending on the nearest neighboring variant: Dark or light yellow when the <001>fcc and <111>fcc 

oriented grains will be separated by a LAGB boundary or a twin, respectively. There are six different 

possible morphologies of the <001> oriented grains, depending on their four <111>fcc oriented 

neighbors (Fig.6(d)). 
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Fig.6 (a) Pattern of a truncated rhombic dodecahedron where the squares and hexagons represent 

the {001}bcc/{001}fcc and {110}bcc/{111}fcc interfaces, respectively. The white arrow symbolizes the 

variant of the <111>fcc oriented grain. The letters indicate the correspondence between (a) the 

pattern and (b) a 3D representation or (c) a 2D section (by the center) in one {001}bcc plane, here 

parallel to the C and E faces. (d) Schematic representation of the six possible morphologies of a 

<001>fcc oriented grain growing from a {001}bcc/{001}fcc interface: dark/light yellow shade 

indicates that the nearest boundary with a <111>fcc oriented grain is a LAGB/twin, respectively.  

 

B. Symmetry as a tool to understand, predict and classify the NPs morphology 

Exploring the possible morphologies is like doing a nano-puzzle where six <001>fcc oriented 

grains, chosen amongst the six possible morphologies of Fig.6(d), have to fit with twelve <111>fcc 

oriented grains having the same morphology imposed by the lattice accommodation, namely all are 

bounded to the <001>fcc oriented grains by a LAGB and a twin. Reasoning by symmetry will be used 

here as a tool allowing to identify and classify all possible solutions of this puzzle. 
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Some hypotheses are made: (i) The NP is free, i.e. its interaction with the oxide substrate 

used in the growth process is not considered here. This is experimentally justified as the adhesion of 

the NP on the substrate is particularly weak and does not inhibit the shell development at the 

interface between the NP and the oxide substrate [30]. (ii) We can reasonably assume that the 

boundaries joining three adjacent <111>fcc oriented grains (not experimentally accessible) do not 

modify the symmetry. 

Analyzing the symmetry of a NP consists in determining its point group of symmetry. In the 

following we use the Hermann-Mauguin notation considering the crystallographic directions of the 

bcc core as reference (for instance group 3 means that the symmetry elements of the NP are the 

identity element and a 3-fold axis built from one <111>bcc direction of the core).  

The symmetry of the NP as a whole must cover both crystallographic, morphological and 

orientation symmetries, considering the core, the <111>fcc oriented grains and the <001>fcc 

oriented ones. Since it is generated by the distribution of the twelve <111>fcc oriented grain 

variants, it will be entirely symbolized in the patterns by the arrow symmetry. 

 

C. What are the possible symmetries for a NP with a truncated rhombic dodecahedron 

core? 

The symmetry group of a NP is obviously a sub-group of m3m, the group of the core itself 

considering both its crystallography and its shape (highest order of cubic symmetry). All the sub-

groups of m3m are displayed in Fig.7, the relationships between sub- and super-groups being 

indicated by lines [42] (by definition, all symmetry operators of a sub-group are also contained in its 

super-groups). However, certain groups are prohibited. Indeed, the symmetry breaking induced by 

the variants growing on the {110}bcc faces is incompatible with any symmetry involving a {110}bcc 

plane as a mirror or a <110>bcc direction as a 2-fold axis. This eliminates as possible solutions: m3m, 

43m and 432 (cubic symmetry), 4mm, 42m, 4/mmm and 422 (tetragonal symmetry), 3m, 3m and 32 

(rhombohedral symmetry), all in red in Fig.7 

It comes that the groups that can exist for bcc@fcc NPs (in blue) are m3  (cubic symmetry), 

4/m (tetragonal symmetry), and all their sub-groups. (There are however no NP of sub-groups 23 and 

222, because all NPs with three 2-fold axes have also three mirrors and therefore belong to the m3  

or mmm groups. Indeed, the variant pattern, symbolized by the arrow, is located in a {001}bcc plane, 

so its image by a 2-fold axis parallel to this plane is similar to the image that would be given by a 

mirror perpendicular to this plane and containing the 2-fold axis.) 
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Fig.7: Sub-groups of the m3m symmetry group. The lines indicate the super-groups/sub-groups 

relationships, from the highest order of symmetry (top) to the lowest (bottom) [42]. The groups in 

red cannot exist for bcc@fcc NPs with the truncated rhombic dodecahedron core, because the 

<111>fcc oriented variants growing on each {110}bcc face are incompatible with any symmetry 

element involving a {110}bcc plane or a <110>bcc direction. The groups that can exist (in blue) are 

m3 , 4/m and all their sub-groups (there are however no NP in groups in parenthesis). The Hermann-

Mauguin notation refers to the crystallographic directions of the bcc core. 

 

Fig.8 displays some patterns of high symmetry: (a) The unique cubic pattern, m3 (the 3-fold 

axes are built from the <111>bcc directions and the mirrors from the {001}bcc planes). (b) The 

unique 3  pattern (rhombohedral symmetry with centro-symmetry and one 3-fold axis). (c) One of 

the two 4/m patterns (tetragonal symmetry; the mirror is perpendicular to a 4-fold axis built from 

one <001>bcc direction). Such patterns fully symbolize the NP morphology generated by the lattice 

accommodation. To symbolize the <111>fcc oriented grains that are symmetrical between them, 

their hexagonal bases are represented with the same color. The light and dark yellow shades 

symbolize the morphology of the <001>fcc oriented grains as defined in Fig.6(d) (the resulting 2D 

sections of NPs will be discussed later on, in section V.E.). 

All the possible solutions are given in Supplementary Material. 
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Fig.8 Patterns of some possible bcc@fcc core@shell NP morphologies of high symmetry: (a) only 

possible m3 pattern; (b) only possible 3 pattern; (c) one of the two possible 4/m patterns. The white 

arrows symbolize the variant distribution that determines the NP symmetry. The same color for the 

hexagonal basis of <111>fcc oriented grains means that they are symmetrical to each other. The light 

and dark yellow shades symbolize the morphology of the <001>fcc oriented grains as defined in 
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Fig.6(d). For each pattern, two possible steps of shell development are proposed, respecting the 

symmetry (d-k).  

 

D. Distribution of all possible NP morphologies and symmetries with a truncated rhombic 

dodecahedron core 

Thanks to the symmetry analysis, all different possible NP morphologies can now be 

predicted and their distribution calculated as a function of the symmetry (Table I). Given the 12 

{110}bcc faces, there are 212 possible combinations of the variants, but a much smaller number of 

morphologies, several combinations being similar in morphology. The number n(G) of combinations 

belonging to a given symmetry group G is calculated from a symmetry analysis (detailed in Appendix 

B) as well as q(G) the number of combinations providing the same NP morphology. Then the number 

of different morphologies p(G) is deduced from n(G) = q(G) x p(G). It comes that the 212 combinations 

can be classified in 186 different possible morphologies distributed in 13 symmetry groups (Table I). 

The different morphology patterns are displayed in Supplementary Material. 

 G n(G) q(G) p(G) 
cubic m3 (Th) 2   2 2 1 
rhombohedral 3 (S6) 4 2 − n(m3)   8 8 1 

3 (C3) 4 2 − n(m3) − n(3)  48 8 6 
 
tetragonal 
 

4/m (C4h) 3 x 2   12 6 2 
4 (S4) 3 x 2 − n(4/m)  12 12 1 
4 (C4) 3 x 2 − n(4/m)  12 6 2 

orthorhombic 
 

mmm (D2h) 3 2 − n(m3)   6 6 1 
mm2 (C2v) 3 2 − n(mmm) − n(m3)   72 12 6 

 
monoclinic 

2/m (C2h) 3 2 − n(mmm) − n(m3) −

n(4/m)  
12 12 1 

2 (C2) 3 2 − n(mmm) − n(m3) −

n(mm2) − n(4/m) − n(2/m) −
n(4) −  n(4)  

48 12 4 

m (Cs) 3 2 − n(mmm) − n(m3) −

2 x n(mm2) − n(4/m) − n(2/m)  
576 24 24  

triclinic 
 

1 (Ci) 2 − n(mmm) − n(m3) − n(4/m) −
n(2/m) −  n(3)  

24 24 1 

1 (C1) 2 − ∑ n(𝐺)    3264 24 136  
total   2   4096  186 

 

Table I: Distribution of the 212 possible combinations of variants as a function of the NP symmetry 

group G. For each possible group G, there exist n(G) combinations distributed in p(G) different NP 

morphologies, each morphology being represented by q(G) combinations. The Hermann-Mauguin 
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notation of symmetry groups refers to the crystallographic directions of the bcc core (Schoenflies 

notation in parenthesis). The systems (cubic, rhombohedral…) do not refer to the crystals, but are 

used here to characterize the NP symmetry. 

 

 

The probability for a NP to belong to a particular symmetry group is thus n(G)/212 with the 

hypothesis that the variants are randomly distributed, and the probability to have a particular 

morphology is q(G)/212. The probability to keep a high order of symmetry by pure chance is thus 

extremely reduced (for instance it is 2-11 for the cubic m3 and 3x2-10 for the tetragonal 4/m, i.e. 0.05% 

and 0.3%, respectively). About 80% of the combinations are asymmetrical i.e. they do not even have 

any symmetry except the identity (group 1). 

Symmetry breaking in growth is rarely a purely random process but is initiated by very local 

mechanisms, that propagate [5]. Here these mechanisms cannot not be recovered experimentally 

because the interfaces are built (and can even be modified) at the same time as the shell is formed 

[26]. Nevertheless, the independent nucleation of each <111>fcc oriented grain, as it would be 

required for a pure random process, is very unlikely. As illustration, we can propose this possible 

sketch: As the wetting layer (2-3 monolayers) forms, the interface begins to organize from one 

particular core face and this organization propagates from it, which in itself constitutes a first event 

of symmetry breaking. For instance let us assume the formation of a first {001}bcc/{001}fcc interface 

prior to {110}bcc/{111}fcc ones, due to a stronger wetting (from DFT data [20, 32]). This first formed 

interface could propagate the symmetry breaking in a non-random sequence as shown in Fig.9, 

where the five first formed grains, being separated by LAGBs, have almost the same orientation. 

Many other pathways could select particular morphologies [4], either driven by kinetics or 

thermodynamics (the issue of the relative stability of the different morphologies being not treated 

here). In any case, as it is currently out of our reach to control the nucleation at the atomic scale, the 

Table I suggests that there will be a broad distribution of morphologies and symmetries in a 

population of NPs. 
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Fig.9 Possible non-random sequence from a first formed {001}fcc/{001}bcc interface: (a) Partial 

pattern. The white arrows symbolize the variants of <111>fcc oriented grains growing on {110}bcc 

faces. The light and dark yellow shades symbolize the morphology of the <001>fcc oriented grains as 

defined in Fig.6(d). (b) NP in 2D section. 

 

E. How the shell dissymmetry is generated and amplified 

First, it is worth noticing that, due to the position of the grain boundaries, the shape of the 

shell grains constantly evolves with increasing the shell volume, whatever the NP symmetry. As we 

now dispose from the 3D arrangements of the grains, thanks to the symmetry analysis above, we can 

also understand the more or less dissymmetrical development of the shell. 

 

1. Differential evolution of the grains 

In Fig.8(d-k) two different possible steps of the shell development are proposed (seen in 2D 

section). In the first one, the shell thickness is uniform. This corresponds to the formation of the 

wetting layer of a few monolayers, as experimentally observed [23, 26] and theoretically predicted 

from DFT calculation of the wetting factors [20, 32]. 

In the second step, we propose a differential development of the <001>fcc oriented grains 

depending on their morphology. Once the interface is covered by several atomic layers of shell, the 

variant distribution is considered as frozen, due to the very huge energy barrier to be crossed to 

reverse a variant. However, in our growth conditions close to equilibrium [20, 22, 30], the easy 

surface diffusion of Au and Ag atoms allows the rearrangement of the shell surface to minimize the 
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excess energy coming from surfaces. We then do not treat here of a possible differential growth rate 

during the growth. Rather we focus on the intrinsic impact of the symmetry on the resulting 

development of the shell with the increase of its volume, prior to any other mechanism. There is no 

intrinsic reason that two grains with the same morphology evolve differently. Conversely, two grains 

with different morphologies (as defined in Fig.6(d)) cannot have the same evolution. At the scale of 

the whole NP, different types of <001>fcc oriented grains thus lead to a dissymmetrical distribution 

of the shell volume within the grains. 

As seen in Fig.4(c), the <001>fcc oriented grain development is locked in each direction 

where the grain is bounded by a twin. Contrarily, a grain can develop laterally in each direction 

where it is bounded by a LAGB, and then it forms a free {111}fcc facet. As a result, the lateral 

development is possible in exactly as many directions as there are LAGBs bounding the grain. The 

grains bounded by four LAGBs can be topped by well-formed pyramids, keeping a balance between 

the top {001}fcc and the four lateral {111}fcc facets that contributes to reduce the surface energy 

[20]. The grains bounded by four twins are locked in all lateral directions; they can develop only in 

the <001>fcc direction, and the progressive reduction of the {001}fcc top facet could result in the 

grain being covered by its four <111>fcc oriented neighbors. Experimentally this is not observed, 

suggesting that these grains stop their growth development before, probably to preserve the balance 

between {001}fcc and {111}fcc facets. Between these two extremes, other grains have intermediate 

and dissymmetrical developments. 

The different yellow shades in the patterns can thus be used as a guideline for comparing 

their possible development. The rules chosen to build the shell are: 

(i) The shell is terminated by {111}fcc and {001}fcc facets, the most stable in noble metals 

[27-29], as experimentally observed. Protrusions are avoided. 

(ii) The shell is built keeping the symmetry of the variant distribution.  

(iii) All <001>fcc oriented grains with the same morphology (as defined in Fig.6(d)) have the 

same development.   

(iv) We chose to differentiate the evolution of the different <001>fcc oriented grains by 

assigning them different thicknesses, increasing with the number of LAGB boundaries 

limiting them (0 to 4, from Fig.6(d)). 
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2. Consequence on the shell dissymmetry 

At the first stage, there is an orientational dissymmetry for the <111>fcc oriented grains, 

which are similar in size and morphology and differ only by their relative orientation, and a 

morphological dissymmetry for the <001>fcc oriented grains.  

At the second stage, the dissymmetry expresses in addition by different thicknesses of the 

different types of <001>fcc oriented grains (dissymmetry in shell extension). By a retroaction like 

process, this can induce a differentiation in the development of the <111>fcc oriented grains 

themselves (dissymmetry in their extension). The amplitude of the shell dissymmetry is thus 

amplified as the volume shell increases, without change in the symmetry group. 

Let us illustrate this dissymmetry amplification, with the different cases in Fig.8: 

(a) With the cubic pattern: the shell does not, of course, develop dissymmetry, neither at the 

first (Fig.8(d)) nor at the second stage (Fig.8(h)). 

(b) With the pattern of group 3 : being all in symmetrical position between them, the <001>fcc 

oriented grains remain similar, at each step (Fig.8(e) and 8(i)). The symmetry reduction 

concerns the orientation of the <111>fcc oriented grains and not the morphology of the 

<001>fcc oriented grains. 

(c) With the pattern of group 4/m: The morphological dissymmetry affecting the two kinds of 

<001>fcc oriented grains is visible from the first step (by comparing the sections in Fig.8(f) 

and Fig.8(g)). The dissymmetry is then amplified when increasing the shell volume (Fig.8(k)). 

As a result, the <111>fcc oriented grains also develop a dissymmetry of shape: the ones 

visible in Fig.8(j) have a larger extension than the ones visible in Fig.8(k) (their bases are 

respectively symbolized in blue and red in the pattern, Fig.8(c)).  

(d) With all other patterns of any other group, the amplitude of the shell dissymmetry can 

amplify as described in (c) for the 4/m group.  

The 2D sections of the NP of group 4/m are similar in the first step to the ones of group 

m3 (Fig8(d) and Fig.8(g)) and 3 (Fig.8(e) and Fig.8(f)), but develop quite differently when the shell 

volume increases (Fig.8(h-k)). This illustrates that the lattice accommodation really needs to be 

considered in the three dimensions to build the shell and predict the dissymmetry. 
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F. Possible symmetries and morphologies of the experimental NP 

The NP of Fig.3 can be symbolized by a partial pattern in Fig.10: the arrows represent the 

sequence of the four <111>fcc oriented variants to which we have access from the 2D section; the 

deduced elements of morphology are in yellow. It is not possible to fully reconstruct its morphology 

on the basis of the experimental image. Nevertheless, we can infer from Fig.10 that this NP possesses 

neither a center of symmetry, nor a 4, a 4 or a 2-fold axis, nor a mirror perpendicular to the observed 

2D section. Its unique possible symmetry elements (in addition to the identity element) would be a 

mirror parallel to the 2D section or a 3-fold axis (from a <111>bcc axis). We infer that the only 

compatible groups are 3 (rhombohedral), m (monoclinic) and 1 (triclinic), all three being of low order 

of symmetry. 

 

 

Fig.10 Partial pattern corresponding to the experimental image previously analyzed in Fig.3 (same 

variant sequence as displayed in 2D section in Fig.5(e)). 

 

 

Fig.11 displays some possible patterns (a-c) with this selected experimental sequence and the 

corresponding 2D sections (d-i). In the first step of shell development, these 2D sections are similar, 

by construction (Fig.11(d-f)). Subtle differences develop later. With the 3-fold symmetry (Fig.11(g)), 

the left and top <001>fcc oriented grains have the same thickness, and so do the right and bottom 

grains. The larger dissymmetry of the experimental NP observed in 2D section, with the left pyramid 

significantly thicker than the three others visible <001>fcc oriented grains (Fig.3), is thus better 

supported by the hypothesis of group m or 1 (Fig.11(h-i)). 
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Fig.11 Patterns of some bcc@fcc core@shell NP morphologies with a symmetry compatible with the 

experimental sequence (Fig.3 and 10), respectively of group 3 (a), m (b) and 1 (c). The white arrows 

symbolize the variant distribution. The wider arrows reproduce the experimental sequence. The 

same color for the basis of the <111>fcc oriented grains means that they are symmetrical to each 

other. The light and dark yellow shades symbolize the morphology of the <001>fcc grains as defined 

in Fig.6(d). For each morphology, two steps of the shell development respecting the symmetry are 

proposed (d-i).  
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VI. Impact of the symmetry reduction of the core: cube-shaped core with and without 

truncations 

 

The previous analysis can be extended to other core shapes with or without a high symmetry. 

This requires to decorrelate the effects of symmetry breakings due to the core shape or to the shell 

growth. 

As an illustration, in this section we consider truncations on a cube-shaped core. This 

geometry is motivated by previous observations (Fig.12) of Fe@Au NPs with large irregular cores 

(typically in the range 10-20 nm) in contrast with NPs with well-formed cube-shaped small cores 

(typically in the range 5-10 nm) [30]. The large cores can be described as a mix between cubes and 

polyhedrons, with large {001}bcc/{001}fcc interfaces, smaller {110}bcc/{111}fcc interfaces and 

stepped interfaces, that are markers of the imperfect reorganization towards a cube-shaped core 

after coalescence of several smaller cores. (This is attributed to large energy barriers that have to be 

overcome for the interface to reach its equilibrium shape with such large cores). In addition, these 

NPs are off-centered with a dramatic dissymmetry in the Au pyramid size and shape [30]. 

In the following, symmetry breaking will be used relatively to the cube-shaped core 

symmetry. 

 

 

Fig.12 Low resolution HAADF-STEM image of a typical off-centered Fe@Au NP with a large Fe core. 
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A. NP symmetry with a cube-shaped core 

Experimentally, cube-shaped Fe cores are generally well-centered and topped by six well-

formed <001>fcc oriented Au pyramids growing on the {001}bcc faces [20, 26]. Note that there is no 

longer {111}fcc plane common to two adjacent grains, but a common <110>fcc direction. The grains 

are separated by grain boundaries approximately at 45° from their base (called 45° boundaries 

hereafter). These boundaries are coherent in the <110>fcc direction common to the two grains, but 

they are likely either to be incoherent in the perpendicular direction, or induce some elastic 

distortion, or both. Paradoxically, it is at the cost of a certain local disorder that the shell can adopt 

the same high symmetry as the core (cubic m3m). 

Fig.13 displays the patterns of the core (a) and of the NP morphology (b), both m3m, and a 

2D section where all pyramids are represented with the same aspect ratio (c). We chose the optimal 

aspect ratio that contributes to minimize the energy of the NPs, by balancing the {111}Au and 

{001}Au surfaces in this pyramidal configuration, from [20].  

 

B. NP symmetry with a cube-shaped core truncated by {110}bcc faces 

 

1. Single truncation  

Fig.13(d) displays the case of a cube truncated by one {110}bcc face. For the core, the 

symmetry breaking compared to the cube lies in the additional face, but also in the different shapes 

and areas of the {001}bcc faces (respectively square, rectangular and pentagonal). This preserves two 

perpendicular mirrors, respectively one {001}bcc and one {110}bcc planes, and a 2-fold axis (the 

<110>bcc intersection of the mirrors). The core symmetry is thus mm2. (In this particular case, the 

Hermann-Mauguin notation needs to describe the iron in an orthorhombic lattice instead of the 

usual cubic one.) 

The symmetry breaking due to the shell growth (Fig.13(e)) reduces the NP symmetry to the 

group m: only one mirror subsists once the variant of the {111}fcc oriented grain is determined 

(arrow). Note that a third type of boundary should exist between the <001>fcc oriented grains 

growing on pentagons and the <111>fcc oriented grain. There are now four different <001>fcc 

oriented grain morphologies. To symbolize them, four different colors are needed, depending on the 

nature of nearest boundary (Fig.13(e)): Light, medium or dark yellow when the neighbor grain is the 



29 
 

<111>fcc oriented grain with a twin boundary, a LAGB boundary or the third type of boundary 

respectively, and chestnut color when the neighbor will be another <001>fcc oriented grain 

separated by a 45° boundary. Three different <001>fcc oriented grain morphologies can be seen in 

2D section in Fig.13(f). 

(An adaptation of this model to describe the experimental case of non-cubic shells with cube-

shaped cores is given in the Supplementary Material). 

 

Fig.13 NP patterns with cube-shaped and truncated cube-shaped cores. The white arrow symbolizes 

the variant of the <111>fcc oriented grain growing on the {110}bcc truncated face. Light, medium or 

dark yellow shades indicate that the nearest neighbor of a <001>fcc oriented grain will be the 

<111>fcc oriented grain separated by a twin, a LAGB boundary or the third type of boundary, 

respectively, and chestnut color indicates that the neighbor will be another <001>fcc oriented grain 

separated by a 45° boundary. With a cube-shaped core (a), the NP (b) can remain in the group m3m; 

(c) NP 2D section. With a single truncation, the core (d) and NP (e) belong to the mm2 (*) and m 
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groups, respectively; (f) NP 2D section. (*) Here the Hermann-Mauguin notation needs to describe 

the core lattice in an orthorhombic lattice instead of the usual cubic one.  

 

2. Generalization to any number of truncations (of same extension) 

The symmetry reduction can be generalized as follows: 

(i) First there is a symmetry breaking in the core directly due to the truncation, leading to a lower 

order than m3m and all other cubic groups. It results in a reduction of area and change in shape of 

the bases of the adjacent <001>fcc oriented grains, compared to others not affected by a truncation. 

(ii) The NP symmetry is that of the variant distribution on the truncated faces. 

(iii) If after truncation the core does no more possess {110}bcc mirror(s) and/or 2-fold axis 

perpendicular to a {110}bcc truncated face, the NP symmetry group can be identical to the core one, 

or is one of its sub-groups, depending on the variant distribution. 

(iv) If the core still possesses one or some {110}bcc mirrors and/or 2-fold axis perpendicular to a 

{110}bcc truncated face, these elements are broken by the shell growth. Then the NP group is strictly 

a sub-group of the core group. 

(An example of multiple truncation can be found in Supplementary Material.) 

 

C. Consequences on the dissymmetrical development of the shell: experimental case of off-

centered Fe@Au nanoparticles  

Fig.14 displays an atomically resolved HAADF-STEM image of a Fe@Au NP with a large 

irregular core (adapted from [30]). The surfaces, interfaces, boundaries and grain orientations that 

are identifiable are indicated. There are three large {001}bcc/{001}fcc interfaces, two of them (at the 

bottom right) are separated by a small segment of {110}bcc/{111}fcc interface. It is then observed 

how a symmetry breaking is generated by the variant of the <111>fcc oriented grain and transmitted 

to the neighboring <001>fcc oriented grains by the LAGB and the twin boundary. On the top and 

right, thanks to the perfect cube-like shaped core, the two large <001>fcc oriented grains could have 

grown side by side, with a boundary more or less at 45° from their bases. Finally, the stepped 

interfaces top left and bottom left constitute other traces of the imperfect coalescence of several 

smaller cores, that also impacts the shell growth. 
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Fig.14 Atomically resolved HAADF-STEM image of an off-centered Fe@Au NP, observed along a 

<001>bcc direction.  

 

The core pattern used in Fig.15 is a simplified model of this NP, where the irregularities of the 

interface are treated as three truncations from a perfect cube (the truncated faces being 

perpendicular to the observed 2D section). As we cannot presume of what happens in the third 

dimension, we do not consider other truncations. There are two possible configurations both of the 

m group. 

Then we build the shell at different stages, with the same rules as in previous sections: the 

growth respects the symmetry, and similar grains have the same development. With the first 

configuration (Fig.15(a)), the two <001>fcc oriented grains on the left and bottom of the 2D section 

(Fig.15(b)) have a different morphology, while those on the top and right display the same 

morphology. This is reversed in the second configuration (Fig.15(c)): the grains on the left and 

bottom of the 2D section (Fig.15(d)) have the same morphology, while those on the top and right are 

different. In both configurations the left and bottom grains are limited in their development by their 
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boundaries, while the top ones are partially limited (Fig.15(d)) or not limited (Fig.15(b)) and the right 

ones are not. 

 

Fig.15 (a, c) Patterns of NPs with three truncations perpendicular to one {001}bcc plane. The white 

arrows symbolize the variants of <111>fcc oriented grains growing on the {110}bcc truncated faces. 

Light, medium or dark yellow shade indicate that the nearest neighbor of a <001>fcc oriented grain 

will be a <111>fcc oriented grain separated by a twin boundary, a LAGB boundary or the third type of 

boundary, respectively, and chestnut color indicates that the neighbor will be another <001>fcc grain 

separated by a 45° boundary. (b, d) 2D sections in the mirror plane at different possible stages of the 

shell evolution.   
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Another indirect consequence of the symmetry breaking can now be highlighted: with a 

cube-shaped core, thanks to the position of the 45° boundaries on symmetry planes, the pyramids 

can develop not only symmetrically, but also homothetically. As a result, the optimal shape of the 

pyramids that minimizes the NP energy by balancing the {111}fcc and {001}fcc facets [20] can be 

preserved (Fig.13(c)). Here however, the homothetic development of the surface is no longer 

possible (nor for any NPs with <111>fcc oriented grain(s)). The junction of the two large pyramids 

(Fig.15(b) and Fig.15(d)) is therefore probably the optimal solution for minimizing the surface energy: 

the shell is then more compact and preserves the balance between the two kinds of facets more than 

it would without the junction. 

This mechanism dramatically amplifies the shell dissymmetry and leads to off-centered NPs 

as seen experimentally. The same mechanism was also at work in the NP of Fig.12. 

 

D. Generalization of the respective roles of the core and the shell in the dissymmetrical 

shell development 

The roles of core and shell can be decorrelated as follows: 

(i) The symmetry reduction of the core shape impulses itself a dissymmetry in the shell, by 

generating different sizes and shapes for the grain bases. (A wide variety of {001}bcc faces can be 

created on a truncated cube-shaped core, including the ones seen in Fig.13(d) and Fig.15). In 

addition, the {110}bcc faces can in turn form ten possible different shapes (amongst them rectangle 

(Fig.13(d)), hexagon (Fig.6)).  

(ii) Without further loss of symmetry due to the shell growth, there are as many different grain 

morphologies as different core face types (as in Fig.15). 

(iii) A second symmetry loss, that occurs if the variant symmetry is lower than the core symmetry 

(which is most likely), increases the number of different grain types (for instance, 4 different 

<001>fcc oriented grain types in Fig.13(e) versus 3 different {001}bcc faces in Fig.13d). (Another 

example can be found in the Supplementary Material.) 

(iv) In any case, the shell extension becomes more and more dissymmetrical as the shell volume 

increases, through the same mechanisms as in section V.E. 
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(v) A more indirect effect is due to the optimization of the surface (in terms of energy): it could be 

satisfied only at the cost of an even larger amplification of the shell dissymmetry, without further 

modification of the symmetry, as in Fig.15. 

The dramatic dissymmetrical Au shell observed with large and irregular Fe cores is accounted 

for by these cumulated effects. The experimental NPs are not as perfect as in the models, but the 

same approach could be used with other deviations from the perfect cube-shaped core, as stepped 

interfaces or various core face sizes, and with other core shapes. In any case, even if by sake of 

simplicity the model considers only truncations, considering the lattice accommodation and its 

consequences succeeds in predicting off-centered NPs. 

 

VII. Conclusion  

Bcc@fcc multi-metallic NPs associate a monocrystalline core (Fe, FeCo…) with a 

polycrystalline shell (Au, AuAg…) consisting in 6 <001>fcc oriented grains growing on the {001}bcc 

faces of the core and up to 12 <111>fcc oriented grains growing on the {110}bcc faces of the core. 

They display various morphologies from perfect symmetrical ones to more irregular and strongly 

asymmetrical ones. In most cases they still present a high degree of crystalline organization, 

regardless their symmetry or asymmetry. 

We here elucidated how these various morphologies are produced, by combining 

experimental analysis and theoretical analysis of their symmetry. 

First the lattice accommodation was comprehensively analyzed, the core being assimilable to 

a nano-substrate and the shell to an epitaxially grown layer that has to adapt to each core face. 

Beyond the accommodation of the fcc shell lattice with the bcc core lattice through the two well-

known Bain and Nishiyama-Wasserman epitaxial relationships (respectively coherent and semi-

incoherent), here we also very clearly evidenced the lattice accommodation within the 

polycrystalline shell itself, that reveals a certain paradox. Two neighbor grains respectively <111>fcc 

and <001>fcc oriented are accommodated between them in a fully coherent manner either by a 

{111}fcc low angle grain boundary or a twin, but at the price of a strong internal stress (elastic 

distortion) due to geometrical constrains (existence of an angular gap). 

It is then shown that the detailed morphology of such a bcc@fcc NP results from a chain of 

events where these different lattice accommodations play a central role. The core-shell interface 

tends in principle to its equilibrium shape, either a truncated rhombic dodecahedron or a cube, 

depending on the interface energies at play [20, 32], with eventual irregularities (truncations of the 
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cube, irregular face sizes…) due to kinetic limitations [30]. This however is not enough to determine 

the shell morphology: the arrangement of the <111>fcc and <001>fcc oriented grains really needs to 

be considered in the whole shell, in a 3D nano-puzzle-like organization driven by the lattice 

accommodation. As there are two possible variants of <111>fcc oriented grains (due to two possible 

directions of {111}fcc planes stacking on a {110}bcc face at the NW interfaces), the morphology of 

each <001>fcc oriented grain depends on the orientation of its four <111>fcc oriented neighbors. 

Some elements of the core symmetry are likely to be broken. The symmetry of the whole NP 

is that of the shell, which cannot be higher than that of the core. It is thus reduced to the symmetry 

common to the core and to the distribution of the <111>fcc oriented grain variants. The symmetry 

analysis is here helpful to predict the possible morphologies within a frame common to any core 

shape: 

(i) When the core is a rhombic dodecahedron truncated by {001}bcc faces (a 18 faces 

polyhedron), as experimentally observed for Fe@AuAg NPs (this work), there are (in theory) 186 

different possible morphologies of NPs, distributed in 13 different symmetry groups. At the best the 

NP has a cubic symmetry m3 of lower order than the core (m3m) or a tetragonal symmetry 4/m. 

However, it has more likely an even lower order of symmetry (sub-groups of m3 and 4/m groups). 

The probability for a NP to have a particular symmetry by pure chance is only 20%. Despite these 

symmetry breakings (or thanks to them…), and even in the case where the morphology is fully 

asymmetrical, the 6 <001>fcc oriented grains of the shell can be fully coherently accommodated with 

the 12 <111>fcc oriented grains, preserving a very good crystalline organization. 

(ii) When the core is a {001}bcc cube, as experimentally observed in Fe@Au NPs with small 

cores [20, 22, 26] (or in FeCo@Au NPs [24]), the same cubic symmetry as the core (m3m) can be 

achieved for the NP. 

(iii) When the core is a {001}bcc cube truncated by {110}bcc faces, as experimentally 

observed in Fe@Au NPs with large cores [30], the NP symmetry is reduced to the symmetry common 

to the core and to the distribution of variants of the <111>fcc oriented grains growing on the 

truncated faces (this can be extended to other core shapes). The highly dissymmetrical development 

of the shell observed experimentally (off-centered NPs) is elucidated as being an indirect but 

spectacular consequence of the symmetry breakings induced by the truncations. 

Characterizing the morphologies of polycrystalline NPs is challenging and often fragmentary, 

because of their size, the superposition of several grains and the fact that we have access to 2D 

sections only. The experimental NPs are not as perfect as in theory. In spite of this, reasoning by 

symmetry is a fruitful key to propose 3D models of morphologies that obey to a common and logical 
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growth scheme while reproducing satisfactorily the various observations. It allows to decorrelate the 

different effects that affect in chain the NPs, as the consequences of symmetry breakings originating 

from the core or from the shell, and their indirect consequences, leading for instance to the dramatic 

dissymmetry of off-centered NPs. 

Reasoning by symmetry is also helpful in predicting the NP population homogeneity. This 

analysis indeed highlights an important characteristic of these bcc@fcc systems and similar 

polycrystalline nanostructures: not only a NPs population presents a size and eventually composition 

distribution, but it also could present a distribution of symmetry and a distribution of morphologies, 

even with a perfectly symmetric core. 

Dissymmetry of NPs is not a priori detrimental to their properties, especially those that could 

be tuned by symmetry reduction, as in plasmonic applications [6, 8-10], or those driven by the nature 

and size of the exposed surfaces (for applications in catalysis, bio-functionalization…) [6, 11-13]. 

Exploiting the symmetry breaking or living with it requires to understand its origin and predict the 

variability of the population [4, 5]. Reliable distributions of morphologies are essential for the 

analyses of physical or chemical properties and for their prediction. The studied system is a case 

study illustrating the powerfulness of reasoning by symmetry for this objective.  

 

SUPPLEMENTARY MATERIAL 

I. Lattice accommodation and residual misfits at the bcc-fcc interfaces. II. Patterns of all possible 

bcc(core)@fcc(shell) NP morphologies with an 18 faces core (truncated rhombic dodecahedron), 

exhaustive for all symmetry groups except for groups m and 1, and with mention of chiral character if 

applicable. III. Examples of dissymmetric NPs with a cube-shaped core and with a truncated cube-

shaped core. 

  

Acknowledgment  

AP gratefully thanks A. Rossignol for his help with the numerical verification of Table I. 

 

AUTHOR DECLARATIONS 

Conflict of Interest 



37 
 

The authors have no conflicts to disclose. 

Author Contributions 

Anne Ponchet: Conceptualization (lead); Formal Analysis (lead); Visualization (lead); Writing/Original 

Draft Preparation (lead); Writing/Review & Editing (equal). Nathalie Tarrat: Conceptualization 

(equal); Formal Analysis (equal); Writing/Original Draft Preparation (supporting); Writing/Review & 

Editing (equal). Teresa Hungria: Investigation (equal); Writing/Review & Editing (equal). Magali 

Benoit: Conceptualization (equal); Writing/Original Draft Preparation (supporting); Writing/Review & 

Editing (equal). Marie-José Casanove: Conceptualization (equal); Investigation (equal); 

Writing/Original Draft Preparation (supporting); Writing/Review & Editing (equal). Patrizio Benzo: 

Conceptualization (equal); Investigation (lead); Writing/Original Draft Preparation (supporting); 

Writing/Review & Editing (equal). 

 

DATA AVAILABILITY 

The data that support the findings of this study are available from the corresponding author upon 

reasonable request. 

 

APPENDIX A: Disorientation between the fcc grains in the shell, with a truncated rhombic 

dodecahedron bcc core  

 

Fig.16 shows schematically the virtual arrangements of grains in relaxed state (represented with a 

thickness significantly larger than the experimental shell thickness). Only one quadrant consisting in 

one grain with the <111>fcc orientation (Grain 2) and two half grains with the <001>fcc orientation 

(Grain 1 and Grain 3) is shown.  

 

I. Angular gap per quadrant 

Grain 2 requires an angle of 109.47° between its two families of {111}fcc planes, one of them being 

parallel to the interface (in red). The angular aperture between the corresponding {111}fcc planes in 
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Grain 1 and Grain 3 is given by their disorientation θ1/3 = 90°. The angular gap per quadrant is thus: 90° 

- 109.47° = -19.47°. 

 

II. Disorientation and angular gap at each boundary 

As the angle between {001}fcc and {111}fcc planes is 54.74°, the disorientation θ1/2 between Grain 1 

and Grain 2 is: θ1/2 = 54.74° + 45° - 109.47° = -9.74°. The disorientation between Grain 2 and Grain 3 is: 

θ2/3 = θ1/3 - θ1/2 = 99.74°. Given that the disorientation accommodated by a twin is θtwin = 2x54.74°, the 

residual disorientation is: θres2/3 = θ2/3 - θtwin = -9.74°. The angular gaps per boundary are θ1/2 and θres2/3 

at the LAGB and twin boundary, respectively. 

 

 
Fig. 16. Scheme of fcc grain arrangement in the shell, in relaxed state, represented with a larger 

thickness than the experimental shell thickness. The green and red grains are <001>fcc and 

<111>fcc oriented respectively, and are plastically accommodated by a LAGB (left boundary) 

and a twin (right boundary). 

 

III. Distance between dislocations along the boundaries, with the grains in relaxed state 

Fig.16 shows graphically that one dislocation approximatively every six atomic planes along each 

boundary is required to plastically accommodate the grains between them. (The distance D between 

two dislocations along a LAGB can also be calculated as D ≈ b θ /⁄ , where b is the modulus of the 

edge component of their Burgers vector. It comes that the number of {111}fcc atomic planes 

separating two dislocations is 1 θ /⁄  ≈ 5.9.) 
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APPENDIX B: Calculation of symmetry and morphology distribution of bcc@fcc 

nanoparticles with a truncated rhombic dodecahedron core 

 

I. Calculation of n(G) 

Each of the 12 {110}bcc faces generates two possibilities for the variants of <111>fcc oriented 

grains so that there are 2  possible combinations. To calculate n(G), the number of combinations for 

each particular symmetry group G, the degrees of freedom are reduced by symmetry as follows: 

Super-group m3: Once one of the twelve variants is determined, there is no more degree of 

freedom, thus n(m3) = 2 . 

Super-group 4/m: The 4-fold axis (built from a <001>bcc direction) reduces the degrees of 

freedom from 12 to 3. The mirror perpendicular to the 4-fold axis reduces them to 2. As there are 3 

different possible 4-fold axes, it comes n(4/m) = 3 x 2 . 

Sub-groups: the principle is similar. However, it is necessary to remove all combinations 

already counted in the super-groups of G (from Fig.7). Example for 2/m: The 2-fold axis (built from a 

<001>bcc direction) reduces the degrees of freedom from 12 to 6. The mirror perpendicular to the 2-

fold axis reduces them to 4. Considering the 3 different possible 2-fold axis and removing the 

combinations already counted in the super-groups of 2/m (Fig.7), it comes n(2/m) =

3 2 − n(mmm) − n(m3) − n(4/m). 

 

II. Calculation of q(G) 

From one initial pattern, there are 4x3x2 =24 possible permutations giving a similar variant 

distribution (4 by rotation of /4 around one <001>bcc axis, 3 by rotation of /3 around one 

<111>bcc axis, 2 by rotation of  around another <001>bcc axis). The patterns obtained by 

permutation that are directly superposable to the initial pattern without translation or rotation are 

due to the same combination amongst the 2  ones. The number of different combinations giving 

the same variant distribution, q(G), is thus equal to the number of permutations that provide a 

pattern not directly superposable to others without translation or rotation (some examples in 

Fig.17). It can be deduced from symmetry as follows: (i) If at least one <111>bcc axis is a 3-fold axis, 

the number of combinations is reduced by 3 from 24. (ii) If one <001>bcc axis is a 4-fold axis, the 
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number of combinations is reduced by 4. (iii) If at least one <001>bcc axis is a 2-fold axis but not a 4-

fold axis, the number of combinations is reduced by 2. (iv) If there is another 2-fold axis, the number 

of combinations is reduced by 2. It comes: 

q(m3) = 24/(3x2x2) = 2 ; q(3) = q(3) = 24/3 = 8 ; q(4/m) = q(4) = 24/4 = 6 ; q(mmm) = 24/(2x2) = 6 ; 

q(4) = q(mm2) = q(2/m) = q(2) = 24/2 = 12 ; q(m) = q(1) = q(1) = 24 

 

Fig.17. Group m3 (a-b): the initial pattern (a) and its permutation by a /4 rotation (b) are similar 

but not directly superposable without translation or rotation. Patterns obtained by all other 

permutations are directly superposable to either (a) or (b). There are only two different 

combinations. Group 4/m (c-d): the patterns obtained by permutation by /4 rotation around the 4-

fold axis are directly superposable to the initial one (c); as example, a pattern obtained by 

permutation by /3 rotation around a <111>bcc axis (d) is not. There are 6 different combinations. 

Group 2/m (e-f): the pattern obtained by permutation by a  rotation around the 2-fold axis is 

directly superposable to the initial one (e); as example, a pattern obtained by permutations by /2 

rotation around another <001>bcc axis is not. There are 12 different combinations. 

 

III. Calculation of p(G) 

The number of different morphologies p(G) is deduced from n(G) = p(G) x q(G). 
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