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Abstract: The structural and electronic properties of bulk and (001) plane of TiC were investigated by the first-principles 
total-energy pseudopotential method based on density functional theory. The calculated bulk properties indicate that bonding nature 
in TiC is a combination of ionicity, covalency and metallicity, in which the Ti—C covalent bonding is the predominate one. The 
calculated results of structural relaxation and surface energy for TiC(001) slab indicate that slab with 7 layers shows bulk-like 
characteristic interiors, and the changes of slab occur on the outmost three layers, which shows that the relaxation only influences the 
top three layers. Meanwhile, the strong Ti—C covalent bonding can be found in the distribution of charge density on the (110) and 
(001) planes. Ti—C covalent bonding is enhanced by the charge depletion and accumulation in the vacuum and the interlayer region 
between top two atomic layers. 
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1 Introduction 
 

As one of transition-metal carbides, TiC possesses 
not only many special physical properties, such as high 
melting point, extreme hardness, and outstanding wear 
resistance, but also exhibits high electric and heat 
conductivity, which makes it highly attractive in the 
scientific and technological region[1]. It is widely used 
in the particulate-reinforced composites[2], grain 
refiner[3], microelectro-mechanical systems[4], fusion- 
reactor walls[5], biocompatible materials[6], etc. The 
experimental[7−8] and theoretical[9−11] studies on TiC 
cover the fields of materials science, physics as well as 
chemistry. A relatively large amount of first-principle 
calculation has been devoted to study the bulk properties, 
surface and interfacial properties of TiC. AHUJA and 
ERIKSSON[11] calculated the structural and elastic 
properties of TiC using the full potential linear muffin-tin 
orbital method in 1996. JOCHYM et al[12] examined the 
phonon dispersion and phonon density of states for the 
TiC crystal. The results are compared and show a good 
agreement with the experimental neutron scattering data. 

LIU et al[13] examined electronic structure and adhesion 
of polar TiC(111)/Ti interfaces. Recently, the adsorption 
on TiC(111) surface has also been investigated with 
density functional calculation[1]. However, there is few 
research of structural and electronic properties of TiC 
based on grain refinement. The purpose of the present 
work is to study the electronic and bonding properties of 
bulk and (001) surface of TiC. In addition to its appeal 
from a basic science standpoint, the final motivation for 
the study of TiC is to explore the grain refinement 
mechanism of Al-Ti-C master alloys in the future. 
 
2 Methodology 
 

For this study, we utilized the CASTEP (Cambridge 
Serial Total Energy Package)[14] in our calculations, 
based on density functional theory (DFT). CASTEP uses 
a plane wave basis set for the expansion of the single 
particle Kohn-Sham as implemented and ultrasoft 
pseudopotentials to describe ionic cores. The 
exchange-correlation energy was described by 
generalized gradient approximation of PBE(GGA-PBE). 
The Brillouin zone was sampled with Monkhorst-Pack  
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k-point grid. For the bulk and slab, a [8×8×1] k-point 
mesh was used. The plane-wave cutoff energy in our 
calculations was 350 eV, which assured a total-energy 
convergence of 2.0×10−5 eV/atom. The diagrams of 
distribution of charge density and difference in charge 
density were obtained with the ORIGIN package. 
 
3 Bulk and surface calculations 
 
3.1 Bulk properties 
3.1.1 Optimization of structure 

To assess the accuracy of our computation method, 
in particular, of the pseudopotentials used, we performed 
a series of calculations on the bulk properties of TiC. 
Firstly, we constructed a diagram for the bulk of TiC as 
Fig.1. Table 1 shows our results, other calculated and 
experimental results of the lattice constants, bulk 
modulus, cohesive energies and heat of formation of bulk 
TiC. 
 

 

Fig.1 Schematic diagram of bulk TiC 
 
Table 1 Calculated lattice constant, bulk modulus, cohesive 
energy and heat of formation of bulk TiC compared with other 
calculations and experimental data 

Method 
Lattice 

constant/ 
Å 

Bulk 
modulus/ 

GPa 

Cohesive 
energy/ 

eV 

Heat of 
formation/
(eV·cell−1)

This work 4.33 248 7.305 −1.83 
GGA-PWPP[9] 4.33 252 7.3 − 

GGA-PWPP[10] 4.348 247 7.74 −1.92 
GGA-FP-LMTO[11] 4.315 220 − − 

Liu’s result[8] 4.33 248 7.23 − 
Experimental 4.33[7] 242[8] 7.04[8] − 

 
From the results listed in Table 1, we can find that 

our calculated results are in satisfactory agreement with 
the results of other calculations and the experimental 
values. Thus, this proves that our results have sufficient 
accuracy. 

3.1.2 Electronic structure 
The calculated result of band structure within GGA 

for TiC is shown in Fig.2(a). The low-lying energetically 
band is derived from 2s states of C atom. The three 
overlapping bands originating from the state at G point 
are found, mainly composed of 2p states of C atom. The 
next bands around Fermi level are derived from Ti 3d 
states. The detailed analysis on the electronic structure is 
shown in Fig.2(b), which is the total density of states 
(DOS) of bulk TiC. Fig.3 shows the partial density of 
states (PDOS) of C 2s，C 2p, Ti 3s/4s, Ti 3p, Ti 3d for 
bulk TiC. 

There are six main peaks (A, B, C, D, E and F) in 
the total density of states (DOS) curve of TiC. The peaks 
of A and B in the lower energy part of the DOS curve 
arise from the Ti 3s and Ti 3p states, respectively, which 
are localized and contribute few to the bonding of TiC. 
The peak of C is dominated by C 2s states and its effect 
on bonding is very small[15]. The integrated intensity of 
the C 2s state below the Fermi energy is about 1.5 from 
the PDOS curve, less than 2, which indicates that there 
are a small amount of charge transfer from C 2s to C 2p. 
The broad peaks of D and E, which are mainly composed 
of C 2p and Ti 3d states form a wide band (a 
“pseudogap” between the peak D and E), centered at 
about the Fermi energy and their characteristics of the 
 

 
Fig.2 Calculated band structure (a) and total density of states 
(DOS) (b) of TiC 
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Fig.3 Partial density of states (PDOS) of C 2s (a), C 2p (b), Ti 
3s/4s (c), Ti 3p (d), Ti 3d (e) for bulk TiC 
 
states below the Fermi energy are both large and show a 
strong correlation from the PDOS curve, indicating that 
the substantial covalent bonding exits. It is the Ti-C 
covalent interactions resulting from the d-p hybridization 
of Ti and C atoms that are the main reason for the 
creation of pseudogap, as a result of a large contribution 
of covalent bonding between the C 2p and Ti 3d states to 
the cohesive energy of TiC. The lowest value of DOS is 
about 0.3 eV−1·atom−1 but not 0 at the Fermi energy (Ef), 
as shown in Fig.2(b), confirming the metallic 
characteristic of crystal, which can be attributed to Ti 3d 
and C 2p states, as shown in Figs.3(b) and (e). 

The upper peak of F is attributed to the Ti 4s states 
which lies above the Fermi level, so that the electronic 
charge in this state is forced to diffuse to the Ti 3d and C 
2p states. Therefore, the charge transfer from Ti to C 
occurs in TiC compound, and an ionic bonding is formed, 
contributing partially to the cohesive energy. The fact 
that the sum of the integrated intensities of the C 2s and 
2p states is beyond 4 from the PDOS curve implies that 
parts of the lost valence electrons of Ti atoms are 
transferred to C atoms. The other part of the lost valence 
electrons contributes to the incremental free-electron 
states of the Ti 3d, as shown in Fig.3(e). Nearly free 
electron states of the Ti 3d are the main reason for 
non-zero value of the Fermi energy. Generally, the 
bonding in TiC can be classified as a combination of 
metallic, ionic and covalent characteristics, in which Ti
—C covalent bonding constitutes the main part, and a 
certain degree of ionicity can be detected, combined with 
a smaller amount of metallic bonding. 

Figs.4(a) and (b) present the distribution of valence 
charge density and difference valence charge density on 
the (001) plane of bulk TiC. It is obviously shown that 
strong interaction exists between the C and Ti atoms in 
Fig.4(a), which results in the occurrence of pseudogap in 
the DOS curves. We can see from Fig.4(b) that the 
charge transfer from Ti to C is significant, although there 
is a large hybridization of Ti 3d and C 2p states. From 
the analysis of Mulliken population results on Table 2, it 
is found that the electron number of Ti 4s is only 2.13. 
The lost electrons of Ti 4s (1.87) have three traces. Since 
the electron number on Ti 3p states is 6.60, extra 0.60 
electrons come from the transformation of Ti 4s orbits. 
About 0.59 electrons on the Ti 3d states originate from 
the lost Ti 4s state, which both contribute to the metallic 
bonding in TiC. The lasting electrons on Ti 4s states are 
transferred to C 2p orbits, as a result of the ionic bonding. 
The electron transformation from C 2s to C 2p orbits is 
observed in Table 2. The extra 1.19 electrons in C 2p 
states come from the lost valence electrons of 0.51 on the 
C 2s states and 0.68 electrons on the Ti 4s states after 
bonding. 
 

 
Fig.4 Distribution of charge density (a) and difference in 
charge density (b) on (001) plane for bulk TiC after 
optimization of structure 
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Table 2 Mulliken population analysis results of TiC 

Species s p d Total Charge(electron)

C 1.49 3.19 0 4.68 −0.68 

Ti 2.13 6.60 2.59 11.32 0.68 

 
3.2 Surface properties 

First of all, we need to construct a TiC(001) slab for 
the calculation. Through cleaving a bulk TiC after 
geometry optimizing, we could get the TiC slab shown in 
Fig.5. It is a three-dimensional system. In order to 
prevent the interaction between the slab and its periodic 
images, a vacuum region of 20 Å is included in the 
supercell. 
 

 
Fig.5 Schematic diagram of TiC(001) slab with seven layers 
 
3.2.1 Structural relaxations and judgment of surface 

convergence 
Table 3 lists the results of TiC(001) surface 

relaxations as a function of slab thickness. It is indicated 
that the crystal structure of (001) free surface is within a 
very small change and surface reconstruction does not 
occur for TiC(001) surface after full relaxation. It is also 
shown that the surface relaxation is larger on the top 
atomic layers of the TiC slab. The C atoms displace 
outward and their intervals are larger, while the Ti atoms 
displace inward and their intervals are smaller on the top 
three atomic layers, which is consistent with the 
conclusion in other report[16]. The expansion/ 
contraction effect does not happen on moving into deeper 
layers. Relaxation for (001) surface is not large, and the 
effects of relaxation are mainly localized within the top 
three atomic layers. When the slab thickness, n, is more 
than 7, the top three interlayer relaxations for (001) 
surface is well converged, which implies that the slabs  

Table 3 TiC(001) surface relaxations as function of slab 
thickness (change of interlayer spacing Δij as percentage of 
spacing in bulk) 

Atomic layers of slab 
Species

Interlayer
spacing 3 5 7 9 

Δ12 2.56 3.69 3.46 3.26 

Δ23  0.78 1.67 1.61 

Δ34   0.87 1.22 
C 

Δ45    0.48 

Δ12 −2.58 −3.23 −3.79 −3.81

Δ23  −0.63 −0.98 −1.18

Δ34   0.08 −0.22
Ti 

Δ45    0.09 

 
with more than 7 atomic layers possess the bulk-like 
characteristic interiors. 

Since the properties for thin slab differ significantly 
from those of thick one[8], it is important to make sure 
that TiC slab is thick enough to show the bulk-like 
characteristic interiors, which would lead to a large 
amount of computation. Therefore, the minimum number 
of atomic layers should be determined to satisfy both the 
slabs with bulk-like characteristic interiors and lower 
computation cost. A preliminary analysis in Table 3 
indicates that the slabs with 7 atomic layers possess the 
bulk-like interior. Surface energy calculation is 
performed to further identify the minimum number of 
atomic layers. Since TiC(001) is a non-polar surface, one 
way to ensure the presence of a bulk-like slab is to check 
for the convergence of the surface energy with respect to 
the number of atomic layer, n[8]. Upon attaining a 
critical thickness, the surface energy will converge to a 
fixed value, indicating that the TiC slab possesses a 
bulk-like interior. We have calculated the surface energy 
for the (001) surface of the slabs with sizes ranging from 
3 to 9 layers based on the method proposed by 
BOETTGER[17]: 

2/)(  slab, EnE n Δ⋅−=σ                         (1) 

where nE  slab,  is the total energy of a n-layer slab; and 
∆E is the incremental energy determined by 

2/)( 2 slab, slab, −− nn EE  

As can be seen in Table 4, the surface energy for the 
TiC(001) surface converges rapidly with increasing slab 
thickness to about 1.58 J/m2 for slabs with n≥7. Our 
calculated surface energy of 7-layer is consistent with 
other calculated value[10]. Therefore, 7-layer slab of 
TiC(001) is chosen for further studies on the electronic 
structure. 
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Table 4 Convergence of surface energy with respect to slab 
thickness 

Atomic layer 3 5 7 9 

σ/(J·m−2) 2.18 1.70 1.58 1.58 

 
3.2.2 Electronic structure 

Table 5 lists the effective atomic charges for 
TiC(001) unrelaxed and relaxed surfaces using Mulliken 
population analysis. It is found that the effective atomic 
charges for the atoms from the upper layers to the inner 
layers differ slightly after full relaxation, which implies 
that the charge transfers between the top two layers are 
small. Thus, it is impossible for the small charge 
transfers to impact the distribution of chemical bonds 
between atoms of the research system. The lattice 
structure has not been changed significantly after full 
relaxation. 
 
Table 5 Effective atomic charges for TiC(001) surfaces 

Charge (electron) 
Atomic layer Species 

Relaxed Unrelaxed 

C −0.71 −0.70 
1 

Ti 0.75 0.74 

C −0.69 −0.69 
2 

Ti 0.68 0.69 

C −0.71 −0.70 
3 

Ti 0.68 0.69 

C −0.75 −0.76 
4 

Ti 0.75 0.74 

C −0.69 −0.69 
5 

Ti 0.72 0.72 

C −0.69 −0.69 
6 

Ti 0.68 0.68 

C −0.75 −0.76 
7 

Ti 0.72 0.72 

 
To further analyze the electronic structures of the 

surfaces, the distributions of valence charge density of 
relaxed surfaces and the differences in the charge 
densities between the relaxed and unrelaxed surfaces on 
the (110) and (001) plane for TiC(001) surfaces are 
shown in Fig.6 and Fig.7, respectively. 

It can be seen in Fig.6(a) that strong Ti-C 
interaction exists between Ti atoms and C atoms, which 
is also observed in the distribution of charge density on 
the (001) plane for bulk TiC, as shown in Fig.4(a). It can 
also be seen in Fig.6(b) that the relaxation only 
influences the top three layers, which is consistent with 
the results in Table 3. Charge depletion happens in the 
upper  vacuum of  Ti  a toms and there  i s  charge  

 

 

Fig.6 Distribution of charge density (a) and difference in 
charge density (relative to ideal surface) (b) on (110) plane for 
TiC(001) surface after full relaxation 
 

 
Fig.7 Distribution of charge density (a) and difference in 
charge density (relative to ideal surface) (b) on (001) plane for 
TiC(001) surface after full relaxation 
 
accumulation between the first and second layers after 
full relaxation; while charge accumulation happens in the 
upper vacuum of C atoms and charge depletion happens 
in the interlayer, which leads to a conclusion that the 
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chemical bonding between Ti and C atoms are reinforced. 
We also find charge accumulation and depletion between 
the second and three layers, but there is just a small 
amount. Meanwhile, there are few charge transfers in the 
interior of the TiC slab, which further confirms the little 
effect of full relaxation on the inner layers. 

The distribution of charge density and difference in 
charge density (relative to the ideal surface) on the (001) 
plane for the TiC(001) surface is shown in Figs.7(a) and 
(b), respectively. Like Fig.4(a) and Fig.6(a), the 
distribution of charge density on the (001) plane shown 
in Fig.7(a) also reveals the strong interaction between Ti 
and C atoms. Moreover, it is suggested from Fig.7(b) that 
C atoms lose electrons and Ti atoms get electrons after 
full relaxation. We can make an explanation with 
Fig.6(b). As mentioned above, for the Ti atoms on the 
surface, charge accumulation happens between the first 
and second layers; for the C atoms on the surface, charge 
depletion happens after full relaxation. Therefore, it is 
the existence of free surface that leads to the changes of 
charge transfers. 
 
4 Conclusions 
 

1) The bonding nature in TiC can be classified as a 
combination of metallic, ionic and covalent 
characteristics, in which Ti—C covalent bonding is the 
main part. A certain degree of ionicity can be detected, 
combined with a smaller amount of metallic bonding. 

2) It is found that the crystal structure of (001) free 
surface has a very small change and surface 
reconstruction does not happen for TiC(001) surface after 
full relaxation. The changes of slab occur on the outmost 
three layers. 

3) As the number of layers reaches 7, the surface 
energy is converged, indicating that slab with 7 layers 
shows bulk-like characteristic interiors. 

4) The strong Ti—C covalent bonding can be found 
on the (110) and (001) planes and it is enhanced by the 
charge depletion and accumulation in the vacuum and 
interlayer region between atomic layers. 
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