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Abstract 

The unusual ability of nitrogen in functionalizing transition metals has tremendous implications to 

the nitride compounds for chemical, electronic, optical, mechanical, and tribological applications yet 

a consistent insight into the underneath mechanism remains yet a challenge. A combination of the 

density function theory and photoelectron spectroscopy revealed that the nitrogen atom prefers the 

tetrahedron bonding geometry in the Ti(0001) skin, which derives four additional valence 

density-of-states: the bonding electron pairs, nonbonding lone pairs, electronic holes, and 

antibonding dipoles. Dipole formation modulates the work function, electron–hole generation opens 

the bandgap, nonbonding interaction ensures the superlubricity of the N-Ti(0001) skin.  
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1 Introduction  

 

Nitride compounds have formed a class of materials with fascinating properties that have widely 

been used for mechanical and elastic enhancement, wear and corrosion resistant, magnetic 

modulation, and photon and electron emission such as GaN light emission devices, etc. [1-7]. Even 

though the performance of nitrides has been intensively investigated and widely used, understanding 

the correlation between the local atomic-bonding, the energy band structures, and the observed, or 

predicted properties of such compounds and their interdependence is still in its infancy. Concerns 

about the correlation between the chemical bond and valence density of states (DOS) and their 

effects on materials performance are therefore necessary.  

 

Adsorption of nitrogen on the Ti(0001) skin has been investigated by several experiment and 

theoretical studies [8-15]. By low energy electron diffraction (LEED) and Auger electron 

spectroscopy (AES) measurements, Shih et al. [10] suggested that the nitrogen exposure creates a 

Ti(0001)-(1×1)-N phase followed by a Ti(0001)-(√3 × √3)-N structure, in which nitrogen atoms 

occupy octahedral holes between the first and second metal layers firstly. They also indicated that 

three outermost layers of the Ti(0001)-(1×1)-N surface have a structure essentially identical to those 

of TiN(111). Fukuda et al. [12] has been experimentally investigated that the effect of nitrogen is 

very similar to that of oxygen, the work function decreases slightly at lower exposures of N2, then 

reverses and undergoes a substantial increase at saturation exposures. It is generally accepted that the 

initial negative change in the work function is due to the N2 molecules dissociate and occupy initially 

sites just below the first metal atomic layer which induced the negative polarization of the adsorbate 

pointed inward [16]. However, it is contradictory that oxygen atoms tend to absorb above the 

Ti(0001) surface and nitrogen atoms tend to absorb below the surface in the initial stage [17, 18].  

 

In the present study, we report density functional theory (DFT) revelation of four DOS features in the 

valence band of the Ti(0001) surface, representing the bonding electron pairs, nonbonding lone pairs, 

metal electronic holes, and metal antibonding dipoles. The polarization of the conduction electrons 

by the nonbonding states lowers the work function of the Ti(0001) skin upon nitrogen adsorption. 
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The generation of the electronic holes turns the conductor into semiconductor.  

 

2. DFT calculations 

 

We conducted spin-polarized DFT calculations using the CASTEP code [19] with ultrasoft 

pseudo-potentials, and a kinetic energy cutoff of 400 eV. The exchange correlation function was 

formulated using the generalized gradient approximation (GGA) with the Perdew–Wang 

parameterization (known as GGA-PW91) [20], which have proved to be more reasonable than other 

functional [21]. The structural optimization was performed until the energy change per atom was less 

than 5 × 10−7 eV/atom, the forces on atoms were less than 0.01 eV/Å, all the stress components were 

less than 0.02 GPa and a maximum displacement of 5 × 10−4 Å was reached.  

 

The hcp-structured single crystal Ti structure yields a lattice constant of a = 2.935 Å, c = 4.640 Å, 

which gives c/a = 1.581. These calculated values are consistent with the experiment values of a = 

2.949 Å, c = 4.677 Å and c/a = 1.586 [22], and in good agreement with previous DFT results [16, 

23]. 

 

To optimize the computational cost and the accuracy of the DFT calculations, a six-layer slab of the 

Ti(0001) surface with a vacuum region of 20 Å is simulated as three-dimensional infinite periodic 

structures by defining a supercell and periodic boundary conditions in all three principal axes. The 

bottom two layers were fixed at their bulk truncated structure. A dipole correction was applied to 

avoid slab-slab interactions [24].  

 

3 Results and analysis  

 

With respect to observations, we assumed that nitrogen adsorbs to the Ti(0001) skin in a mixed 

monolayer and multilayer configuration. According to LEED and AES measurements, an initial (1×1) 

monolayer and subsequent (1×1) + (√3 × √3) pattern multilayer can rationalize the subsequent DFT 

calculations. To calculate the monolayer and multilayer surface structures, two surface models, i.e., 
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(2×2) and (3×3) supercell as shown in Figure 1(a), are used in this study with a corresponding 

k-mesh of 6 × 6 × 1 and 4 × 4 × 1, respectively. The calculated work function of clean surface is 4.47 

eV that is consistent with experimental values (4.45–4.60 eV) [17] and previous DFT calculations 

(4.45�0.01 eV) [13, 25].  

 

 
 

Figure 1 (a) The top view of the Ti(0001) surface with indication of the (2 × 2) and (3 × 3) unit cells. 

Perspective views (b, c) of N adsorption sites. The symbol oct(i,j) denotes the octahedral sites 

between the i th and � � 1 th layers, and tet(i,:aj(or bi)) means the tetrahedral site located directly 

below the i th layer. 

 

3.1 Adsorption sites and N-Ti bond lengths 

 

Figure 1b and c shows the possible chemisorption sites. A series of repeated optimization results in 

the average adsorption energy of nitrogen atoms and work function for possible adsorption sites, as 

summarized in Table 1. 

  

The following formulates the adsorption energy: 

 

	
��  �
� �	���
� �

�
�	�� � 	�/���������; 

 

where n is the number of nitrogen atoms in the unit cell, EN/Ti(0001), Eclean and 	�� represent the total 
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energies per unit cell of the nitrogen-adsorbed Ti slab, the clean Ti slab, and the N2 molecule, 

respectively. 

 

Table 1 Average adsorption energy per N atom at various adsorption sites of Ti(0001) skin and the 

derived work function. The work function of the clean Ti(0001) surface is 4.47 eV 

 

Adsorption 

concentration 

(ML) 

Adsorption 

site 

Adsorption 

Energy (eV) 

Work function 

(eV) 

0.25ML 

fcc 3.46 4.39 

hcp 3.42 4.54 

bridge - - 

top -        - 

oct (1,2) 3.97 4.21 

tet (1,2; b1) 2.73 4.025 

tet (1,2; a2) - - 

oct(2,3) 4.52 4.267 

0.50ML 

fcc 3.12 5.06 

oct(1,2) 3.82 4.13 

fcc+ oct(1,2) 3.68 4.75 

hcp+ oct(1,2) 3.80 4.68 

0.75ML 

fcc 2.94 5.49 

oct(1,2) 4.13 4.20 

fcc+ oct(1,2) 3.82 4.73 

hcp+ oct(1,2) 3.89 4.46 

1.00ML fcc 2.84 6.11 
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oct(1,2) 4.16 4.55 

fcc+ oct(1,2) 3.88 4.22 

hcp+ oct(1,2) 3.94 4.94 

1.33ML 
oct(1,2)+fcc 3.73 4.93 

oct(1,2)+hcp 3.90 4.88 

 

The results in Table 1 indicate the following. 

 

First, in the initial stages of adsorption, i.e., at 0.25 ML coverage, the subsurface octahedral (oct(1,2)) 

site was found to be the most stable location for atomic nitrogen to reside in the Ti(0001) skin. The 

fcc sites is slightly favorable than the hcp sites, while the top, bridge and tetrahedral sites are 

energetically unfavorable. Then, nitrogen cover full oct(1,2) sites and form a stable (1×1) structure 

with a saturation coverage 1.00 ML.  

 

Second, with nitrogen concentration increasing, additional (√3 × √3) structure formed on the top 

surface. Due to the interaction of N atoms in adjacent interlayer, the (√3 × √3) surface structure tend 

to occupied hcp sites. 

 

Third, the work function changes (∆Φ) relation to the Ti(0001) surface are shown in Figure 2 and 

Table 1. We have used as reference the calculation work function of clean Ti(0001) surface (4.47 eV). 

The work function with a initially decrease, then reverses and undergoes a substantial increase at 

saturation exposures, which are in excellent agreement with experimental observations [12]. 
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Figure 2 Coverage dependence of the work function for the Ti(0001)-N surface, compared with 

experimental observations (the inset) [12]. 

 

Table 2 Relaxation of the Ti(0001) interlayer spacing and the average Ti-N bond length. The bulk 

interlayer space is 2.32	Å. 

 

 Relaxation (%) Bond length (Å) 

∆D12 ∆D23 ∆D34 d�  d�����%� d�����%� 

Ti(0001) (present) -6.9 +2.9 -1.1 -   

Experiment [22] -2.1   -   

DFT [26] -6.8 +2.8 -0.5 -   

Ti(0001)-(1×1)-N       

0.25 ML +0.8 +0.1 -0.4 - 2.034 2.047 

0.50 ML +3.1 +0.5 +1.2 - 2.050 2.056 

0.75 ML +2.0 +6.3 -1.3 - 2.052 2.072 

1.00 ML +2.0 +4.6 -0.8 - 2.060 2.073 

Ti(0001)-(1×1)(√3 × √3)-N      

1.33 ML +7.3 +0.6 -1.6 1.932 2.087 2.085 

Bulk TiN(111)      2.123 1.227 

 

Table 2 lists the relaxation of the Ti(0001) slab and the N–Ti bond length of the N–Ti(0001) skin. 
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The relaxation ∆Dij is defined by the change in interlayer spacing between the ith and jth Ti metal 

layers. The d� indicates the average bond length of surface nitrogen atoms (hcp) with respect to 

topmost Ti plane. The d�����%�  and d�����%�  indicate the average bond length of subsurface 

nitrogen atoms (Oct(1,2)) with respect to topmost Ti plane and second plane, respectively.  

	
For clean Ti(0001) skin, our calculations yield a contraction of the topmost interlayer spacing of 

-6.9%, while the second and third interlayer spacing expand and contract by +2.9% and -1.1%, 

respectively. The contraction of the topmost interlayer spacing is in good agreement with another 

DFT calculations (-6.8%), while LEED analysis of the Ti(0001) surface predicts a contraction of 

only -2.1% [22], significantly less than predicted theoretically. The error is due to the main relaxation 

occurring on the z direction of slab in DFT calculation. When N atoms going into subsurface 

interlayer, the relaxation induced by undercoordination of skin occurs obviously decreased. However, 

the surface N atoms significantly expand the topmost interlayer. 

 

For subsurface adsorption, the N-Ti average bond length gradually increased with nitrogen coverage. 

The Ti(0001)-(1×1)-N phase is essentially identical to one (111) double-layer of TiN crystal. 

 

3.2 Valence density of states  

3.2.1 Monolayer adsorption 

Figure 3a shows the coverage dependence of the valence DOS for the N-Ti(0001) skin at the Oct(1,2) 

adsorption sites with different coverages calculated by (2×2) model. N adsorption does not simply 

add its 2s and 2p states to the valence bands of Ti(0001) but exchanges and polarizes electrons of the 

pure Ti. Compared with the clean Ti(0001) skin (Figure 4a), nitrogen adsorption creates obvious 

DOS features at +2.0 eV (antibonding), ~ 0 eV (nonbonding), -2.0 to +1.0 eV (holes) and -4.0 to -7.0 

eV (bonding), which are surprisingly consistent with the results from O-Ti(0001) skin (Figure 4b). 

 

The DOS features between -4.0 and -7.0 eV are derivatives of the Ti-N bonds that are stronger than 

the original pure Ti-Ti bonds. The stronger interaction lowers the system energy and stabilizes the 

system. It is reason that TiN is metal ceramic material with high hardness, excellent chemical and 

thermal stability, reliable mechanical performance at high temperatures. The antibond states (+2.0 eV) 
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arise from polarization of the Ti 3d electronics by the lone pairs of nitrogen. Deeply moving of 

bonding states and shallow moving of antibonding states lead to form holes near the Fermi level. 
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Figure 3 Ti(0001)-N coverage dependence of the valence local density-of-states (LDOS). (a) 

Monolayer adsorption that N occupied at oct(1,2) sites simulated by (2×2) model. (b) Multilayer 

adsorption for the Ti(0001)-(1×1)-9N and (1×1)(√3 × √3)-12N simulated by (3×3) model. Blue 

and red lines represent the LDOS of N and Ti components, respectively. Black line are the sum of all 

these. E = 0 is the referential Fermi level. 
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Figure 4 Coverage dependence of the ZPS of n(Ti + X)-n(Ti) for (a) x-N and (b) x = O with respect 

to that of clean Ti(0001) surface [18]. Both sets of profiles exhibit four DOS features that correspond 

to antibonding dipoles, nonbonding, bonding states and holes. E = 0 eV is the referential Fermi 

energy. 
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3.2.2 Multilayer adsorption  

For high nitrogen coverage, multilayer adsorption model, i.e., Ti(0001)-(1×1)(√3 × √3)-N structure 

is formed based on Ti(0001)-(1×1)-N phase, modeled by (3×3) supercell. Figure 3b shows the 

corresponding valence LDOS. Compared with the clean Ti(0001) skin (Figure 5), similar four 

valence DOS features appeared: antibonding (~ +1.5 eV), nonbonding (~ 0 eV), holes (-3 to 1 eV) 

and bonding (-4 eV and -6 eV) states. However, a new bonding state appears at ~ -3.0 eV, which 

could consider is H-like bonding (N-3 - Ti+/dipole : N-3). Meanwhile, antibonding states move to the 

deeply energy-level and intensity decreased significantly, it is due to H-like bond forms annihilating 

the electron cloud of the dipoles to the bonding orbitals of the nitrogen at hcp sites. 

 

Figure 5 inset shows the differential UPS spectra for Ti(0001) surface with nitrogen exposures based 

on the zone-resolved photoelectron spectroscopy (ZPS) technique [27]. We collected the UPS data of 

Ti(0001) surface before and after N adsorption [8]. Upon the spectral peak area normalization and 

background correction, we then differentiated the spectra to get the atomic-scale, zone-selective 

information of the bonding and electronic dynamics. The ZPS features below EF confirms the 

presence of the mixed hole-nonbonding features as the spectral valley near the EF and the bonding 

attributes at -7.0 to -4.0 eV as a peak. 
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Figure 5 (a) Comparison of the measured (inset) [8] and calculated ZPS profiles of n(Ti + N)-n(Ti), 

at Ti(0001)-(1×1)-9N and Ti(0001)-(1×1)(√3 × √3)-12N with respect to that of clean Ti(0001) 

surface. (b) The valence DOS dependence on the ration of nitrogen and titanium. Cubic Ti3N4 
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presents a 0.219 eV bandgap.  

 

3.3 Band gap creation and work function evolution 

 

Figure 5b shows the sharp fall of the DOS features near the EF results from the holes production in 

the process of nitrogen ratio increase gradually, until Ti3N4 crystal opening a 0.219 eV bandgap. The 

sake of simplicity, both TiN and Ti3N4 are cubic-type structure selected in our calculation. The 

bandgap value of cubic Ti3N4 is slightly small than the theoretical prediction from Peter [28], due to 

different calculation method. This mechanism may provide reference for band gap modulation of 

titanium nitride.            

 

Figure 4a and Figure 5a show the antibonding states move to shallow level at low nitrogen coverage 

and move deeply when the coverage increases. This finding could explain the change of work 

function. The change of work function corresponds to the shift of the antibonding dipole states, 

which provides information about the dipoles formation and H-like bond formation. Dipole 

formation can deepen the antibonding states and reduces the work function; H-like bond formation 

can shallow the antibonding sub-band and restores the work function, which stabilizes the entire 

system. According to above, the work function or the threshold in cold cathode field emission of 

nitrogen compounds can be modulated by the nitrogen content and sites. 

 

4. Discussion 

We confirm that the bond-band correlation of nitrides consistent with the bond–band–barrier (3B) 

correlation notation predictions [29]: C, N, O, and F can interact with arbitrary metal to form a 

tetrahedron with four additional DOS features, i.e., the bonding electron pairs, nonbonding lone pairs, 

metal electronic holes, and metal antibonding dipoles, which dominate the performance of 

compounds. 

 

The 3B correlation notation indicates that the sp3-orbital hybridization is necessary for O, N, C, and 

F interacting with atoms in the solid phase to form quasi-tetrahedron like H2O, NH3, CH4, and FH, 

which determines the crystallography, morphology, band structure, and the chemical physical 
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properties of the chemisorbed skins. Figure 6 (a) illustrates the physical model of a nitride (NB4) 

quasi-tetrahedron obtained by replacing the hydrogen in the NH3 molecule with atoms of arbitrary 

electropositive element B.  

 

 

Figure 6  (a) NB4 nitride quasi-tetrahedron structure and (b) the associated valence DOS features. 

Smaller ions (labeled 1) donate electrons to the central N acceptor of which the sp orbital hybridizes 

with production of a nonbonding lone pair. N hybridizes its sp-orbit and interacts with arbitrary 

element B (1 and 2) through bonding (1-N) and nonbonding lone pair (2-N) to form the 

quasi-tetrahedron: NB4 = N3- + 3B+ (labeled 1) + Bdipole (labeled 2). Arrow represent the process of 

charge transportation giving rise to four DOS features [29]. 

 

Upon interacting with atoms B in a solid phase, the sp orbital of the N atom hybridizes essentially 

into four directional orbitals, which similar to O atom. There of the four hybridized orbits are 

occupied by shared electron pairs. The remaining one is occupied by the lone electron pair of 

nitrogen, which entitles a nitrogen quasi-tetrahedron of C3v group symmetry. Because of the NB4 

tetrahedron formation, the electronic structure of the B host solid is modified with four additional 

valence DOS features: bonding (< EF), nonbonding (~ EF), holes (~ EF), and antibonding (> EF) 

states. This nitridation defines four features to the valence band of the chemisorbed system in the 

following electronic dynamics (see Figure 6(b)):  

 

(i) Nitrogen catches electrons from its neighboring B atoms to N-B bond and fill its 2s2p4 orbits, 

which produces energy states slightly lower than the 2p-level of the nitrogen, therefore, 

electrons in the bonding states should be more stable compared with the otherwise electrons 

in the host structures. This may explain why a nitride surface is corrosion resistant. 

(ii) The N-B bond formation also creates electron holes leave behind the B+ ion, the holes are 

produced below the EF and hence causing the formation of a bandgap. 
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(iii) The sp3-orbit hybridization takes place, which creates the nonbonding lone pair states just 

below the Fermi level (EF)  

(iv) The lone pair polarizes its neighboring atoms to form the pinned dipoles (Bdipole) that fill the 

antibonding orbits. The dipoles reduces the work function from Ф� to Ф�. So, doping 

proper amount of nitrogen can lower the work function or threshold in cold-cathode field 

emitters. 

(v) Overdosing nitrogen in chemisorption, the overdosed nitrogen gets electrons from the dipoles 

that are polarized into antibonding states, H-like bond network (N-3 - B+/dipole: N-3) forms at 

the skin, which annihilates the skin dipoles and raises the work function. The '-' and ':' 

represent the bonding pair and the nonbonding lone pair, respectively. The arrow from the 

antibonding to bonding states corresponds to the process of H-like bond formation. 

 

5 Conclusions 

 

Consistency in the 3B theory expectation, DFT calculations, and UPS measurement clarified the 

essentiality of tetrahedron formation of N–Ti with four additional DOS features: bonding electron 

pairs; nonbonding lone pairs; holes; and antibonding dipoles. These DOS features determine the 

physical properties of the chemisorbed Ti(0001) surface. Ti–N bonding states lower the system 

energy and passivate the Ti(0001) surface; nonbonding lone pairs and antibonding dipoles modify 

the work function that changes with adsorption concentration and adsorption sites of nitrogen. 

Creation of electron holes gradually opens the bandgap turning metallic Ti into Ti3N4 semiconductor. 

The findings is consistent with oxygen adsorption on Ti(0001) skin. Observations will be helpful for 

understanding the unusual behavior of nitrides and provide powerful means for designing and 

fabricating functional materials. 
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The unusual ability of nitrogen in functionalizing transition metals has tremendous 

implications to the nitride compounds for chemical, electronic, optical, mechanical, 

and tribological applications yet a consistent insight into the underneath mechanism 

remains yet a challenge. A combination of the density function theory and 

photoelectron spectroscopy revealed that the nitrogen atom prefers the tetrahedron 

bonding geometry in the Ti(0001) skin, which derives four additional valence 

density-of-states: the bonding electron pairs, nonbonding lone pairs, electronic holes, 

and antibonding dipoles. Dipole formation modulates the work function, electron–

hole generation opens the bandgap, nonbonding interaction ensures the superlubricity 

of the N-Ti(0001) skin.  
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