
 

 
 

 

 
Metals 2022, 12, 492. https://doi.org/10.3390/met12030492 www.mdpi.com/journal/metals 

Article 

Interaction of Oxygen with the Stable Ti5Si3 Surface 

Lora S. Chumakova 1, Alexander V. Bakulin 1,*, Stephen Hocker 2, Siegfried Schmauder 2  

and Svetlana E. Kulkova 1,3 

1 Institute of Strength Physics and Materials Science, Siberian Branch of Russian Academy of Sciences,  

pr. Akademichesky 2/4, 634055 Tomsk, Russia; chumakova.lora@mail.ru (L.S.C.); kulkova@ms.tsc.ru (S.E.K.) 
2 Institute for Materials Testing, Materials Science and Strength of Materials, University of Stuttgart,  

Pfaffenwaldring 32, 70569 Stuttgart, Germany; stephen.hocker@imwf.uni-stuttgart.de (S.H.);  

siegfried.schmauder@imwf.uni-stuttgart.de (S.S.) 
3 Physics Department, National Research Tomsk State University, pr. Lenina 36, 634050 Tomsk, Russia 

* Correspondence: bakulin@ispms.tsc.ru; Tel.: +7-3822-286-952 

Abstract: The atomic structure and surface energies of several low-index surfaces (0001), ( 0011 ) and 

( 0211 ) of Ti5Si3 in dependence on their termination were calculated by the projector augmented-

wave method within the density functional theory. It was revealed that the mixed TiSi-terminated 

(0001) surface is stable within the wide range of change in the Ti chemical potential. However, the 

Ti-terminated Ti5Si3(0001) surface is slightly lower in energy in the Ti-rich limit. The oxygen adsorp-

tion on the stable Ti5Si3(0001) surface with TiSi termination was also studied. It was shown that the 

three-fold coordinated F1 position in the center of the triangle formed by surface titanium atoms is 

the most preferred for oxygen adsorption on the surface. The appearance of silicon as neighbors of 

oxygen in other considered F-positions leads to a decrease in the adsorption energy. The factors 

responsible for the increase/decrease in the oxygen adsorption energy in the considered positions 

on the titanium silicide surface are discussed. 

Keywords: oxygen; adsorption; titanium silicides; electronic structure; first principles calculations; 
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1. Introduction 

The interest in silicides in the research community is connected with their increasing 

industrial applications. At the beginning of the 1980s, the large scale production of silicon-

based computers started. Silicides were used as ohmic contacts because of their low elec-

trical resistivity and thermal compatibility with silicon [1,2]. It was found that disilicides 

such as TiSi2, CoSi2, WSi2, etc., exhibit the most useful properties, and therefore most re-

searches were focused on these compounds [1–5]. These researches included first of all 

oxidation behavior, which is very important in the photolithographic and thermal pro-

cessing of circuits, atomic diffusivity to predict chemical reactivity of circuits and also the 

nature of chemical bonding in silicides, in order to understand the electrical and mechan-

ical properties of materials. Other areas of research were spawned by the limitation of 

metallic alloys for structural applications at high temperatures. It is well known that sup-

eralloys, which are used in these applications, rapidly lose their resistance to creep and 

oxidation above 1100 °C [6]. Thus, the development of structural materials that can be 

used above this temperature is a main task of modern materials science. The criteria for 

materials for high temperature applications were formulated in the middle of the last cen-

tury [7–11]. They include good creep and oxidation resistance above 1000 °C, low density, 

retention of strength at elevated temperatures and alloying or compositing possibilities to 

improve the ambient temperature brittleness inherent to most intermetallics. In this re-

gard, aluminides and silicides seem to be most promising. Very important aspects of syn-

thesizing these materials have also been established. In particular, it was revealed that 
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alloying additions, even in very small amounts, may significantly affect their properties 

[12–14]. Moreover, the processing route plays an essential role. 

The electronic, mechanical, interfacial and diffusion properties of titanium alu-

minides were discussed in many works [6,15–22] including ours [23–27]. It is believed that 

the improvement in oxidation resistance of TiAl-based alloys can be reached by the addi-

tion of alloying elements, such as V, Nb, Ta, Y, B, W, Mo and Si, which allows the for-

mation of a protective scale on the alloy surface or to slow down the oxygen diffusion rate. 

It was shown by a theoretical method that a silicon impurity promotes an increase in Ti-

antistructural atoms in the γ-TiAl [28]. The authors of [16] think that the smart introduc-

tion and synergy of Si and Nb in the TiAl alloy present an attractive solution for high 

temperature applications. In this case the Ti5Si3, Al2O3 and Nb2Al phases occur simultane-

ously at a sintering temperature of 1350 °C. It should be noted that Ti5Si3 is formed as 

intermediate layers at the oxide–TiAl interface. The information about formation of Nb2Al 

phase is contradictory. In particular, the formation of Nb aluminides was not observed in 

[29] in contrast to [16]. It should be noted that earlier in [30], it was also shown that the 

formation of Ti5Si3 film and Al-rich layers leads to the formation of Al2O3, which sup-

presses TiAl alloy oxidation and is beneficial to oxidation resistance. 

It is necessary to note that Ti5Si3 itself is considered a promising candidate for high 

temperature applications due to its high melting point (2130 °C), high strength, low den-

sity and good creep resistance [31–36]. However, the major challenges of Ti5Si3 applica-

tions include the difficulty of synthesis above 1600 °C, poor high temperature oxidation 

resistance and low fracture toughness. An addition of the second phase (α-Al2O3, ZrO2, 

Y2O3, etc.) in the titanium silicide allows the oxidation resistance to be enhanced because 

of the thermodynamic benefit of the second phase and the slow growth rate [29,32,37]. In 

general, researchers have studied numerous coating systems on the TiAl alloy, such as 

aluminide and silicide coatings [38]. Some coatings can raise the oxidation protection of 

TiAl alloys because of formation of a continuously protective Al2O3 or SiO2 scale. How-

ever, interdiffusion between coatings and Ti–Al alloys leads to phase degradation at high 

temperature and, prematurely, coating failure. Recently, based on the high affinity be-

tween Si and Ti, in [38], a novel silicon–aluminizing diffusion coating on the γ-TiAl alloy 

was suggested. Authors demonstrated that the Ti5Si3 diffusion barrier may restrain the 

interdiffusion between the silicon–aluminizing diffusion coating and substrate that leads 

to enhancement of the long-term oxidation resistance performance of the coating. 

It should be noted that silicides with the Me5Si3 stoichiometry have many advantages 

over other silicides. We note that the crystal structure is a hexagonal type (P63/mcm) if Me 

= Sc, Y, Ti, Mn and a body-centered tetragonal type (I4/mcm) for Me = La, Nb, Ta, Cr, V, 

Mo, W. In contrast to disilicides, silicides with the Me5Si3 composition have substantial 

alloying possibilities. For example, the hexagonal structure can accommodate up to 11 

at.% of small interstitial atoms such as B, C, O or N. 

Thus, as follows from this brief description, the study of the oxygen interaction with 

silicides or their surfaces can be useful for understanding of the mechanism of oxygen 

sorption and diffusion. The goal of the present paper is to study, at the microscopic level, 

the Ti5Si3 surface stability and the mechanism of oxygen adsorption on the stable low-

index surface.  

2. Computational Details 

The atomic and electronic structure of titanium silicide was calculated by the projec-

tor augmented-wave (PAW) method in the plane-wave basis [39,40] with the generalized 

gradient approximation for the exchange-correlation functional in the form of GGA–PBE 

[41]. The maximum energy of plane waves from the basic set was 550 eV. Convergence 

was considered achieved if the difference in total energies for the next two iterations did 

not exceed 10–5 eV. 
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To calculate the energy of the Ti5Si3 low-index surfaces with different orientations, 

the approach of multilayer symmetric films separated by a vacuum gap of at least 15 Å 

was used. The relaxation of the atomic positions of the surface layers was carried out using 

conjugate gradient algorithm until the forces on atoms were less than 0.01 eV/Å. In the 

case of the (0001) surface, a Γ-centered grid of 7 × 7 × 1 k-points was used, while grids of 7 

× 9 × 1 and 9 × 5 × 1 k-points, generated by the Monkhorst–Pack method [42] were used 

for the calculation of ( 0011 ) and ( 0211 ) surfaces, respectively. 

Surface energy was calculated using the conventional equation of 
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where NTi and NSi are the number of titanium and silicon atoms in the silicide film, respec-

tively, 
bulk

SiTi 35
μ  is the chemical potential of the bulk silicide and TiΔμ  is the deviation of 

the titanium chemical potential on the Ti5Si3 surface from its value in bulk titanium  

( bulk
Tiμ ), which can vary in the range of –ΔH ≤ ΔμTi ≤ 0, where ΔH is the formation enthalpy 

of Ti5Si3; ΔH = 73.13  kJ/mole of atoms (6.063 eV/f.u.). The calculated value of ΔH agrees 

well with the experimental data (from 72.5 ± 0.8 to 78.1 ± 5 kJ/mole of atoms [43–45] and 

references therein) and theoretical values (6.01 eV/f.u. [46], 6.16 eV/f.u. [47], 6.38 eV/f.u. 

[48]). More details of the calculation of surface energy are given in our earlier work, e.g., 

[49]. 

Adsorption of oxygen on the surface was studied in the model of asymmetric films 

as was described in [23,49,50] in the case of titanium aluminides. Atoms of the three layers 

on the underside of the film were fixed in bulk positions, while the positions of the atoms 

of the remaining layers were optimized. The adsorption energy of an oxygen atom was 

calculated by the equation 

 
23535 OSiTiSiTi/Oads 21 EEEE   (2)

where 
35SiTi/OE  and 

35SiTiE  are the total energies of the surface with oxygen and without 

it, and 
2OE  is the total energy of an oxygen molecule, calculated in an empty cell with 

dimensions 12 × 12 × 12 Å.  

3. Results and Discussion 

3.1. Surface Stability 

The intermetallic compound Ti5Si3 has hexagonal structure D88 and space group 

P63/mcm (№ 193) as was mentioned earlier. Titanium atoms occupy two types of Wyckoff 

positions: 4d (1/3, 2/3, 0) and 6g (0.250, 0, 1/4), whereas silicon atoms are located at the 6g 

(0.608, 0, 1/4) positions (Figure 1a). Theoretical lattice parameters (a = 7.466 Å and c = 5.108 

Å) differ from experimental ones [51] by less than 0.8%. We consider the following low-

index surfaces: (0001), ( 0011 ) and ( 0211 ), which are shown in Figure 1b. 

 

Figure 1. Atomic structure of bulk Ti5Si3 (a) and denotation of low-index crystallographic planes in 

the hexagonal cell (b). 
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Figure 2 demonstrates the atomic structure of the three examined surfaces of Ti5Si3. 

The (0001) surface has two terminations: it can be the mixed TiSi-terminated surface with 

Ti6g and Si atoms in the surface layer in the ratio 1:1 and the Ti-terminated one with Ti4d 

atoms in the surface layer (Figure 2a). In the case of ( 0011 ) and ( 0211 ) surfaces there are 

seven and six surface terminations, respectively (Figure 2b,c). They can be terminated by 

titanium, silicon or mixed atomic layers. In the latter case, the surface layer is formed by 

the same number of titanium and silicon atoms. 

 

Figure 2. Atomic structure of the low-index surfaces (a) (0001), (b) ( 0011 ) and (c) ( 0211 ) (side view) 

of the compound Ti5Si3. 

Figure 3 presents the calculated diagram of stability for considered surfaces of Ti5Si3. 

It is seen that the Ti-terminated (0001) surface is stable in the Ti-rich limit, while for other 

values of the chemical potential of titanium, the lowest surface energy corresponds to the 

(0001) surface with a mixed TiSi termination. However, the difference in the surface ener-

gies of both structures in the Ti-rich limit is only 0.02 J/m2. In the Si-rich limit, the corre-

sponding surface energy of the TiSi-terminated (0001) surface is 1.62 J/m2, which agrees 

well with the experimental value of 1.675 J/m2 [52]. 

 

Figure 3. Dependence of surface energies of low-index surfaces of Ti5Si3 on the chemical potential 

of titanium (a); cleavage energy (in J/m2) for corresponding planes shown by solid lines (b). 

It should be noted that the mixed TiSi termination of the ( 0011 ) surface, has the low-

est energy in a wide range of 
TiΔμ , while in the Ti-rich limit the Si2-terminated surface is 

lower in energy. As seen from Figure 2b, such terminations can be obtained in the case of 

cleavage along the largest interlayer distances. A mixed TiSi1-terminated ( 0211 ) surface 

has lower energy in the Si-rich limit, whereas the Ti2-terminated surface is stable in the 

Ti-rich region. Several words should be said about temperature effect on the surface en-

ergy calculations. It is known that such corrections are usually neglected in calculations 

because they do not almost influence relative values of surface energies. Taking into ac-

count vibrational entropy, our corrections of the surface energy were less than ~0.07 J/m2. 

Since the (0001)TiSi surface lies substantially lower than other surfaces, shown in Figure 3a, 

we can conclude that this correction does not influence the obtained trends.  
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The calculations of the cleavage energies for several planes shown in Figure 3b allows 

the conclusion to be made that the basal plane is more preferred for mechanical failure. It 

is to be noted that the cleavage energy is defined as the energy per area required to sepa-

rate a crystal into two parts. In accordance with the Dupré equation with zero interfacial 

energy it can be estimated as 

21 σσγ   (3)

where 1σ  and 2σ  are the surface energies of the formed surfaces.  

Since the lattice parameter of Ti5Si3 corresponds to a = b > c, then, in accordance with 

the classical crystal growth theory [53], the Ti5Si3 growth rate along the <0001> direction 

is higher than that of other directions and titanium silicide tends to grow in the form of a 

hexagonal prism. Since σ(0001) < σ( 0011 ) < σ( 0211 ), the side faces of this prism are formed 

by the { 0011 } planes. The conclusion about the crystal growth mechanism agrees with the 

experiment [54]. 

Table 1 shows the relaxations of the first three interlayer distances, as well as the 

splitting of the mixed surface layer for the four surfaces with the lowest surface energy. 

The relaxation of interlayer distances was estimated by the formula Δdij = (dij − d0)/d0, where 

d0 is the interplanar distance in the bulk, and i, j are the numbers of the corresponding 

atomic layers. Since the titanium and silicon atoms in the mixed layers are slightly dis-

placed, their average position was used to estimate the surface relaxation. It is seen that 

the stable surface demonstrates the strongest relaxation of the interlayer distances: the 

compression of the first interlayer distance reaches 19.6%. In this case, the relaxation has 

an alternating character and decays very quickly into bulk. For the Ti-terminated (0001) 

surface, d12 is almost unchanged, while Δd23 and Δd34 are the opposite in sign in respect to 

the previous mixed layer terminated surface. In the case of the TiSi-terminated ( 0011 ) sur-

face, the second interlayer distance d23 changes less than d34. Irrespective of the surface 

orientation, in the case of a mixed terminated surface, the silicon atoms are located above 

the titanium atoms (ε > 0 in Table 1). 

Table 1. Relaxation of the first (Δd12), the second (Δd23) and the third (Δd34) interlayer distances for 

pure Ti5Si3 surfaces and splitting ε of the first layer. 

Surface (0001) (1–100) 

Termination TiSi Ti TiSi Si2 

Δd12, % −19.6 −0.1 −3.3 −3.3 

Δd23, % +13.7 −5.9 +0.5 −4.7 

Δd34, % −0.9 +4.5 +5.5 +1.9 

ε, Å 0.19 – 0.12 – 

3.2. Oxygen Adsorption 

The adsorption positions of oxygen on the Ti5Si3(0001) surface are shown in Figure 4. 

We denote the positions at the center of the triangles formed by the surface (subsurface) 

atoms as F; a bridge position between two surface atoms—B; the top positions above the 

Ti (Si) atoms of the surface layer—TTi (TSi); the positions above the Ti subsurface atom—

T2Ti.  

It can be seen from Table 2 that the most preferred position is F1, where oxygen in-

teracts with three surface titanium atoms. In this case, the O–Ti bond length is 1.96 Å as 

in the case of TiO2 with a rutile structure. The adsorption energy in the F2 position is ~0.8 

eV lower than in the F1 position (Table 2). In this case, the oxygen atom interacts with two 

Ti and one Si surface atoms. Almost the same adsorption energies were calculated for F3 

and F4 positions. These sites are very similar (oxygen interacts with two Ti of surface and 

subsurface atoms and one Si surface atom) and the difference is connected with atoms in 

the third layer from the surface. A decrease in the adsorption energies in the F3 and F4 

positions is due to the increase in O–Ti bond length by 0.04–0.2 Å. The latter leads to a 
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decrease in the covalent contribution to the chemical bond in comparison with the F1 posi-

tion. In addition, the ionic contribution in the chemical bond decreases almost twice (Table 

2). 

 

Figure 4. Positions of oxygen adsorption on the Ti5Si3(0001)TiSi surface. 

Among the considered bridge sites only one position, shown in Figure 4, was found 

to be stable; however, Eads is 2.26 eV lower than in the F1 position. The explanation is 

almost the same as was given above. In the T2Ti site, oxygen forms a chemical bond only 

with the Ti4d subsurface atom. It should be noted that both T positions above surface atoms 

are unstable and oxygen moves to the neighboring F1 and F2 sites. The preference of the 

Ti-rich positions for oxygen adsorption found on the Ti5Si3(0001) surface correlates with 

the trend established for Ti–Al alloys in our earlier papers [23,48]. As was shown in the 

experimental paper [55], titanium oxide scale grows on Ti5Si3 surface at the initial oxida-

tion stage. 

Table 2. Adsorption energy of oxygen (Eads) on the Ti5Si3(0001)TiSi surface, distance between oxygen 

and the nearest atoms of the substrate (d(O–X)), height of oxygen relative to the surface layer (h), 

charge transfer to oxygen atom (Q) and overlap population for O–X bonds (θ). 

Position F1 F2 F3 F4 B T2Ti 

Eads, eV 6.13 5.30 4.06 4.15 3.87 2.00 

d(O–Ti6gi S), Å 1.96 1.97 2.00 1.96 1.86 2.95 

d(O–Si S), Å 3.15 1.90 1.71 1.71 1.71 2.52 

d(O–Ti4d S–1), Å 4.74 3.80 2.13 2.17 3.28 1.86 

h, Å 0.91 0.93 0.60 0.61 1.02 0.71 

QDDEC6, el. 0.76 0.48 0.38 0.36 0.35 0.35 

Σθ, el. 1.65 1.51 1.49 1.50 1.43 1.31 

θ(O–Ti6g S), el. 0.48 0.43 0.37 0.41 0.52 0.05 

θ(O–Si S), el. 0.07 0.65 0.86 0.85 0.87 0.23 

θ(O–Ti4d S–1), el. 0.00 0.00 0.26 0.24 0.02 0.47 

Several remarks should be made in connection with the calculation of oxygen ad-

sorption energies. It is necessary to emphasize that in reality, O2 adsorption on the Ti5Si3 

surface takes place. Nevertheless, our test calculations show that after adsorption of O2 in 

any position, its dissociation occurs and oxygen atoms can easily diffuse on the surface to 

occupy positions with the highest binding energy. Thus, there is no reason to simulate O2 

molecule adsorption on the surface as in [56]. The second remark is connected with ther-

modynamic corrections of adsorption energy. It is well known that direct simulation of 

high temperature oxidation of the material surface is difficult in the framework of the 

density functional theory. However, the methods, which give information for the ground 

state of material, are intensively used to study the adsorption of oxygen. It is believed that 

in order to understand the mechanisms of the surface oxidation, it is necessary to identify 

the main tendencies of the interaction of oxygen with the atoms in the surface layers, 

which are determined by the electronic subsystem and are weakly dependent on 
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temperature. Using the approach described in paper [57], it is possible to show that the 

Gibbs free adsorption energy reaches ~3 eV at high temperature and moderate oxygen 

partial pressure, but the difference in these energies for considered sites is almost the same 

as that in the adsorption energies in Table 2. This is a reason to neglect this effect in most 

investigations of oxygen adsorption on metallic surfaces.  

As can be seen from Table 2, there is a correlation between the values of oxygen ad-

sorption energy in considered positions and charge transfer (Q) to the adatom (the ionic 

contribution to chemical bond). In particular, in the F1 position, the charge transfer from 

the substrate to the oxygen atom reaches the maximum value of 0.76 el., if the DDEC6 

(Density Derived Electrostatic and Chemical) method [58] is used in its estimation. The 

charge density difference distribution (Figure 5a) demonstrates the charge depletion re-

gion near Ti surface atoms and its accumulation around oxygen. In the F2 position, the 

appearance of the silicon in the nearest neighbors of oxygen lowers the adsorption energy 

by ~0.8 eV. At the same time, the charge transfer to oxygen decreases by a factor of 1.6. 

Figure 5b demonstrates a wider area of charge density depletion near the silicon atom 

than that near Ti atoms. Indeed, our estimation reveals that the silicon atom loses 0.38 el., 

whereas the titanium atom only loses 0.09 el. It was 0.27 el. in the previous case of the F1 

position. We note that charge transfer depends strongly on the method of its estimation. 

As was mentioned above, in the present paper the results obtained by the DDEC6 method 

are discussed. A decrease in the charge transfer to the oxygen atom in the F2 position is 

also accompanied by an insignificant decrease in the overlap population (θ) of oxygen 

bonds with surface atoms. It is necessary to point out that θ reflects the covalent contribu-

tion to the mechanism of chemical bonding. The overlap population is also estimated by 

the DDEC6 method [59].  

 

Figure 5. Distribution of charge density difference (
3535 SiO/TiSiTiΔ ρρρρ O  ) for Ti5Si3(0001)TiSi 

surface with oxygen adsorbed in F1 (a), F2 (b), F3 (c), F4 (d), B (e), T2Ti (f,g). Top view (a–f) and side 

view (g) are given. Charge depletion and accumulation regions are shown by red and green colors, 

respectively. 

In the F3 and F4 positions, the oxygen obtains an even smaller charge, which leads to 

a subsequent decrease in Eads, although the overlap population remains practically un-

changed. In this case the charge transfer from the subsurface Ti atom is almost absent, 

which can be seen in Figure 5c,d. Despite the decrease in the coordination of the oxygen 

atom in the B and T2Ti positions, the charge transfer remains almost the same as in the F3 
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and F4 positions, but the overlap population decreases by 0.1–0.2 el. It should be noted 

that in the B position, oxygen actively interacts with the silicon atom since its s,p-electrons 

are more easily involved in the interaction than Ti d-electrons (Figure 5e). The lowest ad-

sorption energy in the T2Ti position is connected with the fact that Ti- 2z
d  orbitals are prac-

tically unoccupied, while the O–Ti bond length is the smallest (1.86 Å) among considered 

oxygen adsorption positions. In this case, the polarization of Ti orbitals is all that occurs. 

That leads to a small contribution of this mechanism in the chemical bonding. At the same 

time, the charge transfer is only due to the nearest silicon surface atoms. This is clearly 

seen in Figure 5f. 

The fact that specific positions on the titanium silicide surface are more preferable for 

the oxygen adsorption can be explained by analyzing the local densities of states (DOS) of 

oxygen and the nearest titanium and silicon atoms, which are shown in Figure 6 for all 

considered positions. Since oxygen predominantly interacts with atoms of the surface 

layer, this leads to the appearance of peaks on Ti and Si local DOSs, which coincide in the 

energy with the corresponding peaks of O s,p-bands. Since the sharp peak corresponding 

to the O s-band is located at −19 eV, it is not shown in Figure 6. It can be seen that in the 

F1 position, the narrow O p-band is split and its minimum locates at −5 eV. A small double 

peak of the Ti6g states is also located at the same energies (Figure 6a). It is split off from the 

Ti valence band bottom because of its interaction with the O p-states, and a pseudogap is 

formed between the titanium states at energy of −4 eV. 

 

Figure 6. Local DOS of oxygen and the nearest atoms of the surface (S) and subsurface (S−1) layers 

for all positions: (a) F1, (b) F2, (c) F3, (d) F4, (e) B and (f) T2Ti. Local DOS of Ti and Si atoms on the 

clean surface are shown in color fill.  

The local DOS of the surface silicon atom is less changed. There is only a small peak 

which is split off from the Si p-band, but it appears because of the hybridization of Si p-
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orbitals with Ti s,d-orbitals. With the latter, oxygen is directly bound to the surface, rather 

than due to direct interaction with the surface silicon since the O–Si interatomic distance 

is 3.15 Å. The local DOS of the Ti4d atom is also almost unchanged since the O–Ti distance 

of 4.74 Å is larger than the sum of their atomic radii. A small peak of the subsurface Ti4d 

DOS at −6.8 eV is also a result of indirect interaction with oxygen due to hybridization 

with the Si orbitals of surface atoms. In general, the appearance of new peaks, the change 

in the structure of the local DOS curves of the surface and subsurface Ti and Si atoms, 

their shift in energy relative to the DOS of corresponding atoms on a clean surface and the 

splitting of low-lying states indicate the formation of new Ti(Si)–O bonds and the weak-

ening of chemical bonds between the atoms of the surface and subsurface layers. The DOS 

of those atoms that are directly involved in the interaction with oxygen is changed most 

strongly. This behavior is also observed for other adsorption positions. 

The structure of the O DOS in other F-positions changes insignificantly. The differ-

ence is in the stronger splitting of the main peak of the O p-band in the case of F3 and F4 

positions (Figure 6c,d) and its shift towards the Fermi level in the case of T2Ti position 

(Figure 6f). In the latter case, the structure and width of the O p-band changes also. It is 

seen from Figure 6b–f that oxygen interacts strongly with Si surface atoms: the peak of Si 

p-DOS at the energies where the O p-band is located increases in magnitude. Moreover, 

the shift of the Si s-band towards negative energies is observed that leads to an increase 

in the O small peak at energy −8 eV, which splits off from the main peak. In addition, 

Figure 6c,d shows that the DOS of a subsurface Ti4d atom changes to a greater degree than 

that in the case of O adsorption in the F1 position. Moreover, one can see that this change 

in DOS of the subsurface Ti4d atom is expressed more strongly in comparison with DOS of 

the Ti6g atom because only the former one involves direct interaction with oxygen in the 

T2Ti position. Other atoms interact with oxygen indirectly due to hybridization with the 

Ti4d atoms.  

4. Conclusions 

The paper presents the results of calculations of surface energies of several Ti5Si3 low-

index surfaces and oxygen adsorption on the stable surface performed by the projector 

augmented-wave method. It is revealed that the mixed TiSi-terminated Ti5Si3(0001) sur-

face is stable for almost the whole range of changes in the titanium chemical potential. The 

Ti-terminated Ti5Si3(0001) surface is lower in energy in the Ti-rich limit, although the dif-

ference is only 0.02 J/m2. It was obtained that for considered Ti5Si3 surfaces, the following 

relationship is valid: σ(0001) < σ( 0011 ) < σ( 0211 ). The calculation of the cleavage energy 

shows that the Ti5Si3 mechanical failure occurs more easily along the (0001) plane. 

It is shown that the adsorption of oxygen on the TiSi-terminated Ti5Si3(0001) surface 

is most preferred at the three-fold coordinated Ti-rich F1 position, in which oxygen inter-

acts with three surface titanium atoms. The presence of silicon as the neighbors of oxygen 

in other F-positions leads to a decrease in the adsorption energy due to a decrease in ionic 

and covalent contributions to chemical bonding of the oxygen atom with the substrate. 

The positions above surface atoms are found to be unstable. The adsorption energy above 

the subsurface Ti atom is the smallest because the orbitals that promote the oxygen–tita-

nium interaction are almost unoccupied. In general, an increase in the oxygen adsorption 

energy is connected with an increase in the content of titanium in the nearest environment 

of oxygen. This indicates titanium oxide scale growth at the initial oxidation stage and is 

in agreement with the experiment.  

Thus, in the present paper, the microscopic aspect of the oxygen interaction with the 

stable Ti5Si3(0001) surface is considered. Despite many factors, including temperature, 

structural transformations, etc., not being taken into account in the calculations; neverthe-

less, they allow estimation, quite correctly, of the adsorption and binding energies of ox-

ygen on the surface and to obtain information on the initial stage of oxidation. The ob-

tained results allow us to suggest the preferred pathway for oxygen diffusion from surface 

inside bulk materials. The adsorption of oxygen in the F1 position leads to oxygen 
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penetration in subsurface layers and its diffusion along the [0001] direction between octa-

hedral sites. Actually, this is only a fast diffusion channel but it can be blocked by other 

small interstitial impurities such as boron. The investigation of oxygen diffusion in tita-

nium silicide will be presented in our forthcoming paper.  
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