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ABSTRACT 

Alloying metals which are not miscible at the bulk solid phase is an efficient way to 

diversify the function of materials attracted great interest due to their distinctive 

electronic, optical, catalytic, and magnetic properties compared to pure metal. But in 

depth understanding of the diffusion process inside the alloying materials is rather 

limited, especially at the atomic level. A typical example is the Ag-Bi nanoalloy. Then, 

periodic DFT calculations, at the GGA level, have been performed to understand the 

formation of Ag-Bi nanoalloys. The calculated values of segregation energy indicate that 

the interface between Ag and Bi plays a crucial role in the stabilization of the Ag doped 

with Bi atom. The strong interaction at the interface between the Bi and Ag atoms tends 

to produce structural changes in both surfaces, situation more accentuated in the Bi 

surface due to its less compact structure. The interface helps to the migration of the Bi 

atoms from the Ag surface to the Ag bulk, a segregation process which is very difficult 

to occur on a clean surface due to the high density of the Ag cubic phase. However, on 

clean surfaces of Bi the insertion of Ag atoms is more thermodynamically favorable with 

concomitant changes on the cell parameters to be capable to form a chemical bond 

between Ag and Bi. 
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INTRODUCTION 

Nanoalloys represent an interesting field of research and their development of low 

dimensional materials has become very active and multidisciplinary because of the 

remarkable properties of these nanostructured systems [1-4]. Bimetallic nanoparticles 

(BNs), formed by the mix of two metals to form nanoalloys, have been widely studied in 

the last decade due to their unique applications in various fields as catalysis [5-7] and 

medicine [8-15]. Not surprisingly, the properties of such BN structures depend strongly 

not only on the elemental composition and particle morphology but also on how the two 

metals are organized in the alloy structure, which are crucial to precisely tuning its 

properties and functions. By controlling the way how the metals mix together at the 

nanoscale, the metals exhibit better performances when they form a nanoalloy [16], which 

can be associated to different effects such as: quantum size, surface and the synergism 

between the two metals [2,17-21]. Researchers have gained more attention in developing 

new techniques to produce BNs with different metals and compositions which has opened 

a new field in the area of the nanoparticle synthesis. One interesting situation observed in 

the BNs synthesis is the fact that at nanoscale, their formation process does not follow the 

rules occurring at macroscopic scale. The miscibility restriction that in general controls 

the formation of alloys at macroscopic level, is not accomplished along the formation of 

alloys at the nanoscale level. Two examples of the latter are Cu-Pd and Ni-Pd which are 

immiscible in the bulk phase but readily mix in finite clusters [22, 23]. 

Bi and Ag metals are two very attractive metals for different applications such as catalytic 

environmental remediation [24, 25], electrochemical sensing [26, 27], medicine [28, 29] 

and so on. However, the formation of Bi-Ag BNs has been scarcely studied due 

principally to the low solubility that these metals display [30], situation that could be 

attributed to their different crystalline structures (rhombohedral and cubic phases for Bi 

and Ag, respectively). Recent studies have shown that BNs of Bi-Ag can be synthesized 

or obtained by different experimental techniques. Ruiz-Ruiz et al. [31] prepared Bi-Ag 

BNs by a mechanochemical reduction method under room temperature conditions. Using 

different experimental techniques, the authors obtained predominant ordered-mixing 

structures of Agx-Bi1-x nanoalloys in a wide range of Ag molar fraction (x = 0.1 to 0.5). 

The authors point out that the structural similitude between the rhombohedral lattice of 

Bi (α = 57.23°, a = 4.75 Å) and that of the metastable hexagonal phase of Ag (α = 60°, a 

= 4.08 Å) could help to the mixing both metals. These results seem to indicate that at 

nanoscale dimensions there is not a limiting factor to produce Bi-Ag BNs at room 

temperature. On the other hand, new techniques as the irradiation of metal oxides by an 

electron or femtosecond laser beam have been used to generated Ag and Bi nanoparticles 

[32-34]. Under a femtosecond laser beam and using the Ag2WO4 and NaBiO3 as 

precursors, Machado et al. [35] obtained Bi-Ag BNs. The controlled nucleation and 

growth of the Ag-Bi BNs occur in situ during the irradiation process. These Ag-Bi 

nanoalloys can assume a randomly mixed structure with up to 6 ± 1 atom % of Bi 

solubilized into a face-centered cubic structure of Ag with superior bactericidal 

properties. 

 



A major challenge is to develop a mechanistic understanding of the growth and formation 

of these complex nanostructures, because physical and chemical properties of such 

nanostructures strongly not only on the elemental composition, surface structure, and 

morphology, but also on how the two elements are organized in the nanoalloy structure. 

Scientifically, a general physics-based model is required for understanding the nature and 

formation of nanoalloys. First-principles calculations can provide effective and robust 

descriptors to represent the features of materials in the complex compositional, structural 

and electronic spaces. In this context, Farsi and Deskins [36] studied the segregation 

energies for alloys involving Pt, Pd, Ir, and Rh as host and transition metals as dopants 

by means of periodic density functional theory (DFT) calculations. The authors found 

that segregation energies are very dependent on the exposed surface at the morphology. 

Also, the authors compared bulk and sub-surface segregation energies (segregation from 

the bulk or from the sub layer) and found the segregation trends to be very similar between 

the two segregation processes. Liberto et al. [37] studied the nitrogen doping in co-

exposed (001)-(101) anatase TiO2 surfaces using a hybrid functional in the context of 

periodic DFT calculations. Their results indicated that in the interface, the formation of 

N-impurities is energetically favored for both substitutional and interstitial doping. These 

studies show how quantum calculations are able to determine, from a thermodynamic 

point of view, the effect produced by the substitution of atoms in particular crystalline 

network, both in the surface and bulk, and how the interface can modify the stability of 

these substitutions, situations which must play an important role in the first stages of the 

BNs formation. 

The correlations between size, morphology, and composition of BNs and their 

physicochemical properties have been well demonstrated, however, the doping processes 

and their positions inside the nanoalloy are not well understood. Moreover, the phase 

segregation and distribution of metal atoms are presently lacking. These unresolved issues 

are mainly due to technical limitations in characterizing the alloy atom distribution at the 

atomic level [38-41]. Thermodynamics may drive what type of structure forms in a BN, 

and modeling can be used to predict such structures. Taking into account the above 

considerations and the scarce experimental investigations in relation with the nature of 

the Ag-Bi BNs, in this work we study the formation of Ag-Bi nanoalloys from a 

theoretical point of view using periodic DFT calculations. 

The main aim is to investigate the structure, energetic, and electronic changes produced 

by the substitution of Ag by Bi and segregation processes at both bulk and surfaces. 

COMPUTATIONAL DETAILS AND MODEL SYSTEMS 

All the calculations were carried out using Vienna ab initio simulation package (VASP) 

[42, 43] version 5.4.4. The Kohn–Sham equations were solved within the generalized 

gradient approximation (GGA), as proposed by Perdew-Burke-Ernzerhof (PBE) [44]. 

The projector-augmented wave (PAW) method of Blöchl [45] in the formulation of 

Kresse and Joubert [46] was applied to describe electron-ion interactions. The PAWs for 

Bi and Ag have 6s26p3 and 4d105s1 valence electrons, respectively. The bulks of the Bi 

(hexagonal) and Ag (cubic) phases were optimized starting from the experimental values 

[47, 48] with a cutoff of 500 eV. The optimized parameters (see Table 1) are in good 

agreement with the experimental values displaying percent errors around 2 % which are 



typical for the GGA functionals [49, 50]. The convergence with k-point sampling was 

tested and a Monkhorst–Pack mesh (including the gamma point) of 6x6x6 and 6x6x2 k-

points were enough to give a converged total energy (5 meV/atom) of the Ag and Bi 

bulks, respectively. 

Insert table 1 

We have performed a systematic study of the (100) surfaces of Ag and Bi metals. The 

bulks were cut on the (100) direction generating two slabs (see figure 1), a 2x3 cell with 

5 atomic planes for the Ag (60 atoms) and a 2x1 cell with 9 atomic planes (36 atoms), 

respectively. The (100) direction was chosen for both surfaces since it has a low Miller 

index and the surface vectors of both surfaces match correctly which allows to create the 

interface. The difference between the number of atoms between both cells is due to the 

smaller atomic density of the Bi bulk, per layer on the (100) surface the Ag has three 

times the number of atoms that has the Bi surface. The surface vectors were v = 8.293 

and 9.160 Å and u = 12.440 and 12.135 Å for the Ag and Bi surfaces, respectively. The 

k-point sampling was optimized for the slabs and a 3x2x1 distribution displayed be 

enough to reach a convergence of the total energy per atom (5 meV/atom) for both 

surfaces. 

It is important to note that segregation energy also depends on the alloy’s composition 

and depending on how many atoms are being segregated. In the present study we modeled 

a single impurity (dopant) in the host metal. Segregation energy (𝐸𝑠𝑒𝑔), which is defined 

as the total energy difference between the states with one atom doping the surface atomic 

layers and, in the bulk, is calculated by the direct difference between the total anergy of 

the doped systems as follow 

𝐸𝑠𝑒𝑔 = 𝐸(𝑆𝑢𝑝𝑋+𝐴𝑡𝑜𝑚𝑌,1𝑠𝑡 𝑜𝑟 2𝑛𝑑 𝑙𝑎𝑦𝑒𝑟) − 𝐸(𝑆𝑢𝑝𝑋+𝐴𝑡𝑜𝑚𝑌,3𝑟𝑑 𝑙𝑎𝑦𝑒𝑟)                 (1) 

Where 𝐸(𝑆𝑢𝑝𝑋+𝐴𝑡𝑜𝑚𝑌,3𝑟𝑑 𝑙𝑎𝑦𝑒𝑟) is the total energy of the surface doped in the third layer 

and 𝐸(𝑆𝑢𝑝𝑋+𝐴𝑡𝑜𝑚𝑌,1𝑠𝑡 𝑜𝑟 2𝑛𝑑 𝑙𝑎𝑦𝑒𝑟) is the total energy of the surface doped in the first or 

second layer. Previous works showed how the surface with a doped atom in the third layer 

correctly simulates the bulk environment and has a negligible effect on the segregation 

energy results [51, 52]. This model may explain these surface segregation processes, and 

can be used to make predictions of alloy segregation. 

From a thermodynamic point of view, a positive value of 𝐸𝑠𝑒𝑔 indicates that the doping 

atom has a tendency to remain inside the bulk, while a negative value suggests that the 

doping atom segregates towards the surface. With the aim to explore the influence of the 

interface between Ag and Bi on the values of 𝐸𝑠𝑒𝑔, the same analysis is carrying out in 

an interface formed for both surfaces. For that, an interface is formed with average vectors 

of the Bi and Ag surfaces which leads to a cell with surface vectors of 8.73 and 12.29 Å 

and 14 atomic planes, 5 Ni planes and 9 Bi planes. A vacuum of 15 Å thickness is imposed 

for surfaces and interfaces with the aim to avoid the interaction between consecutives 

cells due to the periodicity. Although to  point was enough to reach convergence in the 

total energy for the interface, a 3x2x1 sample mesh including the  point was used to 

avoid inconsistencies with the results obtained for the Bi and Ag surfaces. All structure 

optimizations were tested in the context of spin polarized calculation in order to explore 

the most stable electronic configuration of the systems. The obtained results showed that 

paramagnetic states are the more stable electronic configurations for all the systems 

studied in this work. For that situation where the reconstruction affected the structure of 



the surface or the interface (especially in the Bi surface which suffered the larger 

reconstruction), different positions for the doping atom were tested and the more stable 

situation were chosen in all the cases. 

Insert figure 1 

 

RESULTS AND DISCUSSION 

 

 Surfaces and interfaces 

The optimization of the Ag (100) surface does not produce significant changes in its 

structure. A slight increase in the interlayer distances is the effect produced for the 

optimization in the five layers slab of the Ag (100) surface. This is not the case of the Bi 

(100) surface, the surface structure suffers a strong distortion due to the optimization (see 

figure 2). The hexagonal bulk of Bi is formed by bilayers of atoms parallel to the (001) 

surface in which each atom is bonded to six Bi atoms, covalently bonded to three Bi atoms 

of the same bilayer at a distance of 3.10 Å and weakly bonded with three Bi atoms of the 

adjacent bilayer at a distance of 3.59 Å (the distances were obtained from our optimized 

bulk). Since in the Bi (100) surface the bilayers are perpendicular to the surface, Bi atoms 

tend to improve the interaction with those atoms bonded at 3.59 Å, therefore, the strong 

reconstruction is not an unexpected result and it has been previously discussed in the 

literature [53, 50]. Although a cell with nine layers seem to be enough thickness, a cell 

with 16 layers was optimized and the surface structure compared with the nine layers cell. 

The structural parameters for both surfaces do not display significant differences, then a 

nine layers cell seem to be enough to mimic the Bi (100) surface. 

Insert figure 2 

Previous to the optimization process, the surfaces were placed such that the distance 

between the nearest Bi and Ag atoms was not smaller than 2.6 Å, distance close to the 

experimental bond distances of the Bi and Ag diatomic molecules (2.53 and 2.66 Å for 

the Ag2 and Bi2, respectively) [55]. Figure 3 displays the optimized structure for the 

interface formed with the nine layers cell of the Bi (100) surface and the five layers cell 

of the Ag (100) surface. The interface formation energy, calculated from the values of the 

total energy of the surfaces and the interface, is -988 mJ m-2 (QUE UNIDADES SON 

ESTAS?), which indicates a high stability of this interface model with respect to the 

separated surfaces. The stability of the interface can be attributed to the relative strength 

of the involved bonds, the energy of the Bi-Ag bond (193 kJ mol-1) is similar to the Bi-

Bi (200 kJ mol-1) and stronger than the Ag-Ag (160 kJ mol-1) [56], making more stable 

the interface with respect to the separated clean surfaces. However, the compact structure 

of the Ag bulk plays an important role in the interface formation. While the Ag (100) 

surface suffers only a weak distortion, the Bi surface near to the contact region is strongly 

distorted. The two first layers of the Bi surface go to the Ag surface and form an atomic 

Bi layer on the Ag (100) surface. The distances among these Bi atoms and the surface Ag 

atoms are larger than the distances of the Ag atoms at the (100) surface which, in addition 

with the strong Bi-Ag interaction, produces an elongation in the Ag-Ag distances on the 



(100) surface, the distance between Ag atoms bonded to the Bi atom (but non bonded 

between them) increase from 4.10 to 4.30 Å, which is even larger than those observed in 

the optimized Ag bulk. In order to explore how the interaction distances change in the Bi 

slab at the interface, an analysis of the number of interaction distances less than 3.7 Å 

was carried out for the bulk (a bulk cell with 36 atoms was used), the surface and the Bi 

slab of the interface after the optimization process. The corresponding results are 

presented in Figure 4, and analysis renders that the number of interaction distances 

increases as the distortion of the cell increases. This is indicative of the transformation 

from a well ordered arrangement at the bulk to a distorted structure (amorphization) at 

the interface for the Bi substrate, i.e. an order-disorder transition. Machado et al. [35] 

found that nanoparticles of Ag with a 6 % atomic Bi concentration in a cubic phase, 

produced by the femtosecond laser irradiation, displaying an elongation of the (111) 

interplanar distance of 4.2 % approximately. This increases can be associated to an 

expansion of the face centered cubic crystalline lattice of metallic Ag to accommodate Bi 

atoms; but in our case we can sense display how the interface plays a crucial role in the 

first stage of the segregation process and the formation of Ag-Bi moiety provokes the 

increases of the distances Ag-Ag at the (100) surface.  

The structure of the Bi (100) surface not only changes with the interface formation but 

also the electronic properties are modified. Figure 5 displays the density of state (DOS) 

of the Ag and Bi bulk, (100) clean surfaces and, the Bi and Ag (100) surfaces at the 

interface. An analysis of the results points out that the Ag (100) surface maintains the 

electronic structure of its bulk phase, but the Bi (100) surface lost great part of its 

electronic characteristics, situation even evident in the clean surface due to the strong 

reconstruction suffered. Then, despite the stronger bond energy of the Bi-Bi and Bi-Ag 

interactions, the compact packing of the Ag cubic phase and the lower atomic density of 

the Bi hexagonal phase lead to a complete reconstruction of the Bi (100) surface while  

the Ag (100) surface is maintained with few changes. Indifferently of the energetic 

processes involved in the BNs formation, from a structural point of view the interface 

seems to favor the cubic phase of the Ag substrate. 

 

 Segregation energy 

 Segregation energy of Ag in Bi 

Figure 6 displays the segregation energy of Ag in a clean surface of Bi and in the Bi 

surface at the interface. In both cases, the Ag prefers to stay near to the surface which is 

in concordance to the fact that Ag does not display detectable solubility in Bi [57]. At the 

clean surface, the substitution of a Bi atom in the first layer is the less stable than the 

substitution in the second or third layer. Figure 7 shows the optimized structures for the 

substitution of a Bi by a Ag atom in the first, second or third layer of a clean Bi (100) 

surface. The stability of the surface after the substitution depends of the capacity of the 

Ag atom to form effective interactions with the Bi atoms. In the first layer, the Ag atom 

penetrates to the sub layers searching for a better interaction with the Bi atoms. This 

movement provokes a strong distortion in the surface increasing the slab energy. The 

dependence of the slab stability with respect to the effective interaction of the Ag atom 

with the surface, can be observed even for the substitution in more internal layers. Despite 



in the second layer the Ag atom interacts with a smaller number of Bi atoms than in the 

third layer, the interaction distances are shorter (~ 3.01 versus 3.10 Å for the second and 

third layer, respectively) improvement the Ag-Bi interaction and herein stabilizing the 

surface. These observations indirectly indicate the formation of a chemical bond between 

Ag and Bi. 

 

 

These results suggest that in the case of the nanoalloy formation where Ag atoms 

substitute the Bi atoms in the hexagonal phase, structural parameters must change in order 

to improve the interaction between the Bi and Ag atoms which, in turn, would generate a 

strong stabilization of the nanoparticle.  

 

A detailed analysis of diffraction peaks carried out by Ruiz-Ruiz et al. in Ref. 31 of Agx-

Bi1-x nanoalloys showed that the lattice of the Bi matrix gets strained (contracted), when 

substitutional insertion of Ag molar fractions smaller than 0.2 to 0.3 occur in the Bi 

matrix. Then, Ag atoms can contract the lattice of the Bi matrix generating a favorable 

environment to improve the interaction with the Bi atoms which would favor the 

movement of the Ag atoms to the Bi bulk. 

From a qualitative point of view, the interface only changes the stability of the surface 

substituted in the first layer (see red line figure 6) which in this case becomes more stable 

than the surface substituted in the third layer. The same distortion produced in the clean 

surface occurs in the Bi surface at the interface but the situation is stabilized because Bi 

atoms move to the surface and interact with the Ag surface (see figure 8 b). This system 

gains energy due to the interaction among the Bi atoms and the Ag surface, interactions 

highly favored energetically as was observed in the interface formation. Then, the 

interface favors the segregation energy inducing Ag atoms go to the surface. 

SEGREGATION ENERGY OF Bi IN Ag 

Figure 9 displays the segregation energy of Bi in a clean surface of Ag and in the Ag 

surface at the interface. As indicates the black line in figure, in a clean surface the Bi atom 

prefers to stay at the surface. In comparison with the Bi surfaces when were doped with 

a Ag atom, the Ag surfaces do not suffer a strong distortion (see figure 10) which can be 

attribute to the more compact network of the Ag cubic phase. However, it is evident the 

local distortion produced by the Bi atom. Interatomic distances between the Ag atoms, 

parallel to the surface and bonded to the Bi atom, increased which indicate the stress 

produce by the doping. In the first layer, Bi atom can accommodate in a better way 

stabilizing the interaction between the Bi and Ag atoms of the layer. The repulsive effects 

due to the large atomic radius of the Bi atom make the first layer, the most stable place to 

the Ag substitution in comparison with the doping in the sub surface layers. The relative 

stability of the segregation energy is, as occurred in the Bi surfaces, altered by the 

interface formation. However, the interface does not stabilize the first layer substitution, 

contrary, the interface disfavors the segregation energy. Substitution of one Ag atom by 

one Bi atom in the first layer, breaks the strong stability generated when the interface is 



formed increasing the total energy of the interface and so the segregation energy is 

disfavored. As it is showed in figure 11 b, interaction distances between the Bi atoms of 

the Bi surface layer interact strongly with the Bi atoms bonded to the Ag surface 

indicating a decreasing in the interface stability near to the doping zone.  

For the interface doped in the second Ag layer, an interesting situation is found. Even at 

0 K temperature in which the calculations are carried out, the distortion produced by this 

substitution induces a strong reconstruction of the interface. This distortion makes 

possible the migration of Bi atoms to the first Ag layers and of Ag atoms to the Bi layer 

formed on the Ag surface (see figure 11 c). Surprisingly but not unexpected, the atomic 

migration maintains the cubic phase rearrangement in both, the Ag surface and the new 

Bi layer deposited on the Ag surface. In comparison with the structure of the interface 

without doping atom, the interface doped in the third layer does not display significative 

differences in the region near to the contact between both surfaces. Being the doped layer 

surface the most stable of the Ag doped interfaces, the optimized structure of the interface 

helps us to understand some interesting aspects of how the interface can facilitate the Ag-

Bi BN formation. The interatomic distances between the Ag atoms bonded to the Bi atom 

are very similar to that found in the Ag bulk, then the interface not only helps to stabilize 

the system by the strong interaction among the Bi and Ag atoms in the interface (structure 

which does not display significative difference with the undoped interface) but also in 

some way stabilizes the Bi atoms inside the Ag bulk structure. The second fact is related 

to the relative stability of the third doped layer interface in comparison with the interface 

doped in the more superficial layers. No matter what can occur due to the interface 

formation (e.g. the interface doped in the second layer produced a strong distortion in the 

interface even migration of Ag atoms to the Bi substrate) a very crystalline Ag-Bi 

nanoalloy in cubic phase will be the more stable situation from a thermodynamic point of 

view. 

To validate if the energetic behavior obtained in the interface does not depend of the 

surface vectors used to built the interface, segregation energies were calculated in a clean 

surface of Ag with the same surface vectors of the interface. As shown in figure 12, the 

segregation energies calculated in both surfaces are similar assuring that changes in the 

segregation energies obtained when the Ag surface was doped with a Bi atom at the 

interface occurred due to the interface formation and not for the changes on the surface 

vectors. Then, our results are in good concordance with experimental findings; if an 

interface Ag-Bi is reached, it is more stable the formation of nanoalloys of Ag in cubic 

phase doped with Bi atoms. 

STRUCTURAL EFFECTS DUE TO THE NANOALLOY FORMATION 

Ag-Bi BNs formation is undoubtedly a dynamic process. As the doping atoms replace the 

atoms in the crystal network, the cell reconstruction must occur until reach the more stable 

configuration under a specific doping concentration. Experimental studies focus to 

determine the concentration of the Bi on BNs in a cubic phase of Ag obtained by a fs laser 

beam, showed that stable nanoalloys were found with a concentration of 6 ± 1 atom % 

and the doping produces an increment of 4.2 %. in the interplanar distances in direction 

of the (111) planes [35]. On the other hand, the Ag substitutes the Bi atoms producing 

stable nanoalloys for Ag molar fractions smaller than 0.2 to 0.3 inducing a contraction of 



the Bi matrix [31]. Then, it is interesting to see if our methodology is able to reproduce 

the structural changes suffered in the bulk cells of these materials when they are doped. 

Since a unit cell of Ag in a cubic phase has four atoms, for representing the Bi percent in 

the Ag cubic phase it is necessary to increase the unit cell volume. In a 2x2x2 supercell 

of the Ag unit cell, two Bi atoms are enough to reach the concentration observed 

experimentally. With the objective to maintain the cubic phase, the substitutions were 

carried out in the center and in the vertices of the supercell which leads exactly to two Bi 

atoms. In turn, the unit cell of the hexagonal Bi has six atoms so that the substitution of 

one Bi atoms by one Ag is enough to reach the observed experimental concentration. 

Figure 13 and Table 2 display the structures and the cell parameters of the optimized 

doped cells. Doping the hexagonal unit cell of Bi with one Ag atom produce a decreasing 

in the cell parameters, being more significative in the “c” direction. Taking as reference 

the optimized parameters without doping, the reduction in the “a” and “c” parameters are 

1 and 11 %, approximately. The strong change suffers in the c direction is due to an 

increasing in the interaction distances between the Bi bilayers which are exactly parallel 

to the (001) direction. Since all the Bi atoms have the same coordination inside the 

hexagonal bulk, at this concentration (approximately 17 %) the substitution of any Bi 

atom in the bulk must lead to the same changes in the cell parameters. Unlike the observed 

in the Bi bulk and in good accordance with the experimental findings, the Ag bulk doped 

with Bi atoms displays a slight increased in the cell parameters. Larger cell parameters 

induce, as expected, larger distances between the planes present in the nanoalloys as has 

been determined by means of HR-TEM images in Ref. 35. From the HR-TEM studies 

was determined that the separation distance between the (111) planes of the Ag-Bi 

nanoalloys was 2.46 Å which compared with the value obtained of 2.43 Å in our Ag 

doped bulk, is only 1 % higher. Then, the results obtained in this work are, also from a 

structural point of view, in good concordance with the experimental observation in 

relation to the changes occurs when bulks of Bi or Ag are doped with Ag and Bi, 

respectively. 

Figure 6 displays the segregation energy of the Bi or Ag atom in the clean surfaces and 

the interface. Segregation energies indicate that in clean surfaces, the doping atoms prefer 

placed near the surface, top and second layer for the Ag and Bi surfaces, respectively. 

Interestingly, the interface formation does not change the qualitative aspect of the 

segregation energy in the Bi surface but it does in the Ag surface, that is, the Bi atoms 

prefer to go to the bulk of the Ag cubic phase when an interface is formed. These results 

agree reasonably with two experimental facts. Because of the doping atoms prefer the 

more external layers of Ag or Bi surfaces, the Ag-Bi BNs are very difficult to synthesize. 

The second fact is that under laser fs conditions where an interface Ag-Bi is formed, only 

the presence of BNs of Ag in cubic phase doped with Bi has been detected. With the aim 

to understand why the interface produces this change on the Ag surface, we are going to 

analyze in detail the structure surrounding the doping atom in both the clean surfaces and 

the interface. 

 

CONCLUSIONS 



A DFT approach in the context of GGA approximation has been used to determine the 

structural and energetic changes produced in the formation of Ag-Bi BNs. This 

approximation showed to be good enough to simulate the structural changes suffered by 

the bulks of Ag and Bi when they are doped with specific concentrations of Bi and Ag, 

respectively. In the hexagonal Bi bulk and at low concentrations (less than a concentration 

of 0.2 molar fraction), Ag atoms tend to reduce the interaction between the Bi bilayers 

which considerably decreases “c” vector maintained practically unaltered the others 

vectors of the cell. The differences in electronic density distribution and the d orbital of 

the Ag atoms seem to play a crucial role in why the Ag atoms look to interact at shorter 

distances with the Bi atoms. On the other hand, Bi atoms in the Ag bulk structure produce 

an expansion but they do not have problems to adopt the cubic phase structure even at the 

interface formation due to the increasing disordering. 

Segregation energies studies in clean surfaces and in an interface formed with these 

surfaces are in good agreement with the experimental findings, when an Ag-Bi interface 

is formed the more favorable situation is the formation of a BN of Ag in cubic phase 

doped with Bi. The interface changes the stability of the system helping the Bi atoms to 

go inside the extremely compact Ag bulk, however, the strong interaction between the 

Ag and Bi surfaces, when the interface is formed, produces strong changes in the less 

dense Bi structure making less favorable that Ag atoms go inside the Bi bulk structure, 

even in some cases, the bulk structure of the Bi surface is lost completely. In clean 

surfaces, segregation energies showed that doping atoms prefer to be in the surface which 

is in good agreement with the fact that the immiscibility of these materials is very low. 

However, in a contracted Bi cell the Ag atoms could stabilize the system making feasible 

the formation of a Bi BN doped with Ag. 
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Table 1. Experimental and calculated bulk parameters for the hexagonal and cubic 

phases of Bi and Ag, respectively. Distances in Å. 

 Cubic Ag Hexagonal Bi 

 a=b=c a=b c 
Experimental 4.086 4.546 11.862 

Calculated 4.147 4.580 12.135 
Error (%)  1.5  < 1  2.3  

 

 

  



Table 2. Optimized bulk parameters for the doped hexagonal and cubic phases of the Bi 

and Ag, respectively. Distances in Å. 

 Cubic Ag Hexagonal Bi 

 a=b=c a=b c 
Doped 8.410 4.520 10.810 
Calc. 8.294 4.580 12.135 

  

 

  



 

Figure 1. Top (right) and lateral (left) views of the (100) surfaces. A) a 2x3 slab of the 

Ag cubic phase and B) 2x1 slab of the Bi hexagonal phase 

 

 

 

 

 

 

 

 

 

 

 

 

  



Figure 2. Values of structural parameters for the Bi (100) surface. In normal text the non-

optimized surface, in italic text the slab with 9 layers and in underline text the slab with 

16 layers. For a better overview, a 2x1.5 cell with nine layers was depicted. Distances in 

Å and angles in degrees 

 

 

 

 

 

 

 

 

 

  



Figure 3. Non optimized (left) and optimized (right) structure of the interface formed with 

the five layers Ag (100) surface and the nine layers Bi (100) surface, respectively. 

Distances in Å 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



Figure 4. Number of interaction with distances less than 3.7 Å for the bulk (black lines), 

clean surface (red lines) and the Bi slab at the interface (blue lines). 

 

 

 

 

Figure 5. DOS of the Ag and Bi bulks, (100) clean surfaces and interface 

 

 



 

 

  



Figure 6. Segregation energy of Ag in a clean surface of Bi (black line) and in the Bi 

surface at the interface (red line) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



Figure 7. Lateral views of the optimized structures for the Bi surface doped at the first 

(b), second (c) and third (d) layer with an Ag atom. For comparison purposes, the 

optimized structure of the undoped surface has been depicted (a) 

 

 

 

 

 

 

 

  



Figure 8. Lateral views of the optimized structures for the interface doped with an Ag 

atom in the first (b), second (c) or third (d) Bi layer. For comparison purposes, the clean 

interface was depicted (a). For a better overview, the interface doped in the second and 

third layers were rotated 180 °and only the two upper layers of the Ag surface were 

displayed. 

 

 

 

 

 

  



Figure 9. Segregation energy of Bi in a clean surface of Ag (black line) and in the Ag 

surface at the interface (red line) 

 

 

 

 

 

 

 

 

 

 

 

  



Figure 10. Lateral view of the optimized structures for the substitution process of one Ag 

atom by one Bi atom in the first (a), second (b) and third (c) layer of a clean Ag (100) 

surface. For a better overview, the cell was cut such as the Bi atom was exposed and only 

the nearest atoms were depicted. 

 

 

 

 

 

  



Figure 11. Lateral views of the optimized structures for the interface doped with a Bi atom 

in the first (b), second (c) or third (d) Bi layer. For comparison purposes, the clean 

interface was displayed (a). For a better overview, the interface doped in the third layer 

was rotated 180°. 

 

 

 



Figure 12. Segregation energies in Ag (100) clean surfaces with surface vectors of the 

Ag cubic phase (red line) and the interface (black line) 

 

 

 

 

 

 

 

 

  



Figure 13. Optimized structures for the doped Ag cubic (left) and Bi hexagonal (right) 

phases 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


