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First-principles study of TiC(110) surface
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Abstract: The structural and electronic properties of TiC(110) surfaces are calculated using the first-principles total-energy
plane-wave pseudopotential method based on density functional theory. The calculated results of structural relaxation and surface
energy for TiC(110) 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 (100) plane. The interlayer Ti—C chemical bonds are reinforced
and the outermost interlayer distance is reduced as a result of the charge depletion in the vacuum and the charge accumulations in the
interlayer region between the first and second layers. The surface energy of TiC(110) is calculated to be 3.53 J/m*.
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1 Introduction

Like other early transition-metal carbides (TMC),
TiC is characterized by a combination of properties that
are traditionally assigned to two completely different
types of materials: ceramics and metals [1]. TiC belongs
to NaCl structure. It not only possesses many special
physical properties, such as high melting point, extreme
hardness, and outstanding wear resistance, but also
exhibits the electric and heat conductivities, which make
it highly attractive in the scientific and technological
region [1]. The unique combination of these desirable
physical and chemical properties led to the commercial
applications of TiC as cutting tools [2], hard-coating
materials [3], particular-reinforced composites [4], grain
refiner [5], microelectro-mechanical systems [6], fusion-
reactor walls [7], biocompatible materials [8], etc.

The experimental [9, 10] and theoretical [11—13]
studies on TiC cover the fields of materials science,
physics as well as chemistry. The experimental values
have been listed in our previous paper of bulk and (001)
surface of TiC [14]. 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 [13] calculated the structural
and elastic properties of bulk TiC using the full potential
linear muffin-tin orbital method. The phonon dispersion
and phonon density of states of TiC crystal were
examined by JOCHYM et al [15]. The results were
compared and were in good agreement with the
experimental neutron scattering data. In addition, the
electronic structure and adhesion of polar TiC(111)/Ti
interfaces and Al/TiC interface were also examined by
LIU et al [16]. Recently, the adsorption on TiC(111)
surface has been investigated with density functional
calculation [1]. However, little research work was
focused on TiC(110) surface or comparison of structural
and electronic properties between different TiC surfaces.
In this work, using the first-principles total-energy
plane-wave pseudopotential method based on density
functional theory (DFT), TiC(110) surfaces are
investigated, focusing on their structural and electronic
properties, and were compared with those of TiC(001)
surface, which was already explored in Ref. [14]. In
addition to its appeal from a basic science standpoint, the
final motivation for the study of TiC is to investigate the
grain refinement mechanism of Al-Ti—C master alloys
as it is added to the Al-melts in our future work.
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2 Computational details

CASTEP (Cambridge Serial Total Energy Package)
software [17] was utilized 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 pseudo-
potentials to describe ionic cores. The minimum total
energy of the structure is achieved by relaxing
automatically the internal coordinates using the
Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm.
The atomic configurations of Ti and C generated from
the ultrasoft pseudopotential are 3s*3p®3d°4s” and 2s*2p?,
respectively. The exchange-correlation energy is
described by the generalized gradient approximation of
PBE (GGA-PBE). Brillouin zone sampling is performed
using 8x8x1 Monkhorst-Pack k-points meshes for (110)
surface calculations. The plane-wave cutoff energy in our
calculations is 350 eV, which assures a total-energy
convergence of 2.0x107° eV/atom. The diagrams of
distribution of charge density and difference in charge
density are obtained with the ORIGIN package.

3 Results and discussion

TiC(110) slab is constructed before the calculation
by cleaving a bulk TiC after geometry optimization, as
shown in Fig. 1. A vacuum region with the thickness of
20 A is included in the supercell [18] to prevent the
interaction between the slab and its periodic images. The
lengths of simulated box are 4.23432 A, 3.11618 A and
28.7311 A, respectively.

® C atom
© Ti atom

Fig. 1 Schematic diagram of TiC(110) slab with seven atomic
layers

3.1 Structural relaxations and surface convergence of
TiC(110) surface
Table 1 lists the results of TiC(110) surface

relaxation as a function of slab thickness. It indicates that
the crystal structure of TiC(110) free surface is within a
very small change and surface reconstruction does not
occur for (110) surface after full relaxation. It also shows
that the surface relaxation is larger on the top atomic
layers of the TiC slab. Moreover, it can be found that the
intervals between the top and second atomic layers and
between the third and forth layers are reduced except that
between the third and forth atomic layers of C atoms in
7-layer slab, which are so little that they can be ignored;
the intervals between the second and third layers and
between the fourth and fifth layers are increased. The
expansion/contraction effect does not happen on moving
into deeper layers. Relaxation for (110) surface is not
large, and the effect of relaxation is mainly localized
within the top three atomic layers. When the slab
thickness, n, is more than 7, the top three interlayers
relaxation for (110) surface is well converged, which
implies that the slabs with more than 7 atomic layers
possess  bulk-like These
properties are consistent with those of (001) surface of
TiC [14].

characteristic  interiors.

Table 1 TiC(110) surface relaxations as a function of slab
thickness (change of interlayer spacing A; as a percentage of

spacing in bulk)
Species  Interlayer Slab thickness
3 layers 5 layers 7 layers 9 layers
A —1.134 -3.053 —4.307 -3.844
Ay 4560  4.457  4.295
¢ Az 0.753  —0.206
Ays 1.055
A —6.470 —8.858 —10.182 —10.498
] Ay 2.563 4417  5.100
n Az -1.426 -2.271
Ays 0.147

Since the properties of thin slab differ significantly
from those of thick one [10], it is important to make sure
that TiC slab is thick enough to show the bulk-like
characteristic interiors. However, the thicker the slab is,
the more complicated the computation is. 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 | indicates that the slabs with 7 atomic
layers possess the bulk-like characteristic interior.
Surface energy calculation is also performed to further
identify the minimum number of atomic layers. Since
TiC(110) is a non-polar surface, one way to ensure the
presence of a bulk-like slab is to check for the
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convergence of the surface energy with respect to the
number of atomic layers, # [10]. 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 of the
(110) surface for the slabs of sizes ranging from 3 to 9
layers based on the method proposed by BOETTGER
[19].

o=(E), —NAE)/2 (1)

where Esll\;b is the total energy of a N-layer slab and AE
is the incremental energy and determined by
(Edw —Eds )12

As can be seen in Table 2, the surface energy of the
TiC(110) surface converges rapidly with increasing slab
thickness. The calculated surface energy of TiC(110) is
3.53 J/m* and 3.47 J/m® for 7- and 9-layer slab,
respectively, only 0.06 J/m® difference between the two
slabs, slightly higher than the difference of LIU’s
calculation result with 0.04 J/m* [10], which means that
it has converged as the number of atomic layers is 7.
Since the experimental value is not available in the
literature, 7-layer slab of TiC(110) is chosen as further
studies on the electronic structure.

Table 2 Convergence of surface energy with respect to slab

thickness
Layer 3 5 7 9
r;/(J-m’z) 3.92 3.70 3.53 3.47

3.2 Electronic structure

Table 3 lists the effective atomic charges for
TiC(110) relaxed and unrelaxed surfaces using Mulliken
population analysis. It is found that effective atomic

Table 3 Effective atomic charges for TiC(110) surfaces
Charge (electron)

Layer number Species
Relaxed Unrelaxed
C —0.67 —0.66
: Ti 0.73 0.64
C —0.68 —0.69
2 Ti 0.67 0.69
C —0.68 —0.69
3 Ti 0.67 0.69
C —0.67 —0.66
4 Ti 0.73 0.64
C —0.70 —0.68
> Ti 0.72 0.73
C —0.75 —0.72
6 Ti 0.72 0.73
C —0.75 —0.72
! Ti 0.68 0.69

charges for the atoms from the upper layers to the inner
layers differ slightly after full relaxation, which implies
that the charge transfer is quite small. Impossibly, small
charge transfer has an effect on the distribution and types
of chemical bonds between atoms in the investigated
system.

To further analyze the electronic structures of the
(110) surface, the distributions of valence charge density
of the relaxed surfaces and the differences in the charge
densities between the relaxed and unrelaxed surfaces on
the (100) plane for TiC(110) surface are shown in Fig. 2.

%27%@ 73.05/;

-
(a) (b)

Fig. 2 Distribution of charge density (a) and difference in

charge density (relative to ideal surface) (b) on (100) vertical
plane for TiC(110) surface after full relaxation (Solid and
dotted lines in (b) indicate positive and negative values,
respectively)

It can be seen from Fig. 2(a) that strong Ti—C
interaction exists between the neighboring layers, which
has also been observed in our former work on bulk and
(001) surface of TiC [14]. Figure 2(b) indicates that
relaxations only have influence on the top three layers,
while little on the interior of slabs. Charge depletion
happens in the vacuum, and there are charge
accumulations in the interlayer region between the first
and second layers after full relaxation. It means that the
interlayer Ti—C chemical bonds are reinforced and the
outermost interlayer distances are largely reduced, as can
be found in Table 1. However, only charge depletion
exists in the region between the second and third layers,
which means the chemical bonds between them are
weakened, which leads to the expansion of the interlayer
distance between the second and third layers, as shown
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in Table 1. It leads to the conclusion that charge density
difference in the region between the second and third
layers should be taken into account to understand the
relaxation behavior of the TiC surface.

Since the (001) and (110) surfaces of TiC are both
non-polar surfaces, there must be some similarities
between the two surfaces: both of them show strong
interaction between Ti and C atoms; the relaxation has
only influence on the top three layers; and the Ti—C
chemical bonds are reinforced after full relaxation. The
surface energies of the two surfaces are different: 1.58
J/m?* for (001) surface and 3.53 J/m* for (110) surface. It
is impossible to investigate the grain refinement
mechanism of Al-Ti—C master alloys on the Al by only
the two results of TiC(001) and (110) surfaces. Further
research work should be done since Al/TiC interface can
provide primitive information about the substrate for the
epitaxial growth of aluminum on TiC surface, which is
helpful for
mechanism of aluminum on it.

understanding the possible nucleation

4 Conclusions

The structural and electronic properties of TiC(110)

surface are explored wusing the first-principles
total-energy plane-wave pseudopotential method based
on density functional theory. The effect of relaxation is
mainly localized within the top three atomic layers, and
the expansion/contraction effect does not happen on
moving into deeper layers. 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 transfer is quite small. Strong Ti—C interaction
exists between the neighboring layers. Charge depletion
happens in the vacuum and there are charge
accumulations in the interlayer region between the first
and second layers after full relaxation. The interlayer
distance between the second and third layers expands,
which weakens Ti—C bonds between the second and
third layers. The surface energy of TiC(110) calculated is

3.53 J/m*, much higher than that of (001) surface.
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