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S. Bage,! T. Kamis,! H. M. Tiitiincii,! and G. P. Srivastava®
1Fen-Edebiyat Fakiiltesi, Fizik Boliimii, Sakarya Universitesi, 54187 Adapazart, Turkey
2School of Physics, University of Exeter, Stocker Road, Exeter EX4 4QL, United Kingdom
(Received 20 March 2009; revised manuscript received 10 June 2009; published 8 July 2009)

We present an ab initio pseudopotential study, within the local density functional approximation, of the
structural and elastic properties of rock-salt TiC. The calculated structural and elastic properties of TiC are in
good agreement with reported experimental values. Using the density-functional perturbation theory, the pho-
non spectrum and density of states are calculated. Good agreement has been found between the calculated and
reported experimental dispersion curves. Following these bulk properties, we have made theoretical investiga-
tions of the atomic geometry and lattice dynamics of the TiC(001)(1X 1) surface. The calculated surface
structural parameters compare very well with available experimental values. Using our calculated surface
phonon spectrum, we provide a detailed analysis of available experimental data from electron energy-loss

spectroscopy.
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I. INTRODUCTION

Transition-metal carbides have in general been the subject
of intensive research over the past thirty years. There are
several reasons for studying these materials. On the micro-
scopic level, they are known to exist in the rock-salt structure
and show a combination of three different types of bonding
characteristics: metallic, ionic, and covalent."® With their
covalent bonding, they exhibit extreme hardness and
brightness>* as diamond and other covalent solids. Other
striking properties of these materials are their very high melt-
ing points as well as metallic conductivity,” comparable with
those of pure transition metals. One such compound, TiC, is
a highly stable field-electron emitter® which is needed in
advanced lithography techniques for the production of inte-
grated electronic circuits. Moreover, this material can be
used as catalyst for surface chemical reactions.'® Several
experimental'""'? and theoretical studies'3~'® have been done
on the structural and elastic properties of TiC. Systematic
theoretical efforts'®! have been made for phonons in TiC
while an experimental study of the full phonon spectrum was
presented by Pintschovius.!”

In contrast to the wealth of theoretical work presented on
the structural and elastic properties of bulk TiC, there has
been limited experimental and theoretical work on its sur-
faces. On the experimental side, low-energy ion scattering
(LEIS)?? and low-energy electron diffraction (LEED)? ex-
periments have been used to determine structural properties
of its (001) surface. The phonon spectrum of this surface
have been measured using electron energy-loss spectroscopy
(EELS).>* Theoretical studies have been made using a full-
potential linear muffin tin orbital (LMTO),? tight-binding,?
first-principles molecular dynamics (FPMD),?” and density
functional theory (DFT) calculations within the generalized
gradient approximation (GGA)?® and a 12-parameter shell
model.?*

In the present work we first aim to investigate the struc-
tural, elastic, and dynamical properties of rock-salt TiC by
employing the plane-wave pseudopotential method, the den-
sity functional theory, and the linear response technique.?
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The calculated structural and elastic parameters are com-
pared with available experimental and theoretical results.
The second and main aim of the present work is to determine
the structural and vibrational properties of the (001) surface
of TiC using the same theoretical approach as used in bulk
studies. The calculated surface atomic geometry is compared
with available theoretical,>>?® and experimental results?*>?3
in detail. We also provide a detailed discussion of surface
vibrations on the TiC(001) surface and compare our results
with experimental data’* and 12-parameter shell model
calculations.?*

II. THEORETICAL METHODS

Our calculations were performed in the framework of the
density functional theory, within the local-density approxi-
mation (LDA) using the Ceperley-Alder correlation®” as pa-
rametrized by Perdew and Zunger.’! The electron-ion inter-
actions were treated by using norm-conserving ab initio
pseudopotentials.3? A basis set containing all plane waves up
to the cutoff energy of 60 Ry has been used. Since the crystal
structure considered here is metallic, convergence is
achieved using 75 special k points in the irreducible wedge
of the Brillouin zone (BZ) of the rock-salt structure. Integra-
tion of functions in the momentum space up to the Fermi
surface is done with a Gaussian smearing technique, with the
smearing parameter of 0.02 Ry. The ground state properties
of bulk TiC are determined by minimization of the total en-
ergy with respect to the unit-cell volume V. Then, the theo-
retical equilibrium lattice constant a, the static bulk modulus
B, and the first-order pressure derivative of the bulk modulus
B’ have been obtained by fitting the calculated static total
energies as a function of volume to the Murnaghan equation
of state.??

The rock-salt structure has only three independent elastic
constants, namely, C;, Cj,, and Cy. Thus, a set of three
equations is needed to obtain these constants. Cy;-C, and
Cyy are calculated by volume-conserving tetragonal and
monoclinic strains,>*3 respectively. In order to obtain Cy,
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TABLE 1. Lattice constant a, bulk modulus B, the pressure derivative of bulk modulus B’, and elastic
constants (in unit of Mbar) for TiC are compared with other theoretical and experimental data.

a (A) B (Mbar) B’ Cy Cpy Cyy
TiC (present work) 4.26 2.765 3.90 5.88 1.25 1.79
Theory (LDA)? 4.27 2.770
Theory (LDA)® 4.38 2.670
Theory (LDA)® 4.25 2.700 6.06 1.06 2.30
Theory (GGA)¢ 4.35 2.730 4.30
Theory (GGA)® 4.33 2.520
Experimental’ 4.33 2.400
Experimental® 5.13 1.06 1.78

4Reference 17.
PReference 15.
‘Reference 13.
dReference 16.
“Reference 18.
fReference 11.
gReference 12.

and C;, separately, the relationship between these elastic
constants and bulk modulus

C,+2C
B= 11 12

3 (1)

is also used. The elastic constants calculations require a very
high degree of precision because the energy differences in-
volved are of the order less than 1 mRy. Ensuring the re-
quired accuracy in total energy results requires the use of a
fine k-point mesh. We thus calculated the elastic constants by
using a 24 X 24 X 24 Monkhorst-Pack k mesh.3¢

The lattice dynamics of bulk TiC was studied within the
framework of the self-consistent density-functional perturba-
tion theory.?’ Within this scheme, second-order derivatives of
the total energy were calculated to obtain the dynamical ma-
trix. A static linear response of the valence electrons was
considered in terms of the variation in the external potential
corresponding to periodic displacements of the atoms in the
unit cell. The screening of the electronic system in response
to the displacement of the atoms was taken into account in a
self-consistent manner. A 12X 12X 12 k mesh was found to
yield phonon frequencies converged to within 0.05 THz, and
this was used in our calculations. A 4 X4 X4 ¢ mesh in the
first BZ was used in the interpolation of the force constants
for the phonon dispersion curve calculations. Phonon density
of states calculations were made by using the tetrahedron
method.

For surface calculations, we used an artificially periodic
slab geometry along the surface normal direction of [001]. In
the present case, a supercell is considered to contain thirteen
layers of TiC and a vacuum region equivalent to five layers
of TiC. The energy cutoff was the same as for the bulk cal-
culations, but the surface BZ was sampled by six special k
points. All atoms were allowed to relax into their minimum
energy configuration, except for the atoms in the middle of
slab which are kept frozen. The relaxation was carried out
using a conjugate gradient algorithm, utilizing the forces ob-

tained from the solution of the Kohn-Sham equation at each
iterative step. The equilibrium atomic positions were ob-
tained with numerical uncertainty of less than 0.01 A, with
forces on all atoms becoming smaller than 0.1 mRy/a.u. The
phonon spectrum of the TiC(001) surface was also obtained
by applying the density-functional perturbation scheme,
based upon the pseudopotential method used for the struc-
tural studies. In order to generate the force-constant matrices
for this surface, and to carry out the inverse Fourier transfor-
mation, we used q points on a 4 X4 X 1 mesh. All calcula-
tions were carried out by using the code PWSCF (Plane-Wave
Self-Consistent Field).?

III. RESULTS
A. Bulk properties

Before discussing surface results, it is very useful to ana-
lyze the quality of pseudopotentials with TiC bulk calcula-
tions, comparing the key structural parameters with previous
theoretical and experimental results. The bulk static proper-
ties of this material were obtained using the calculations of
the total energy as a function of lattice constant. These bulk
properties from the total energy calculations are summarized
in Table I with available experimental'!> and
theoretical'>!5-!8 results. In general, the agreement between
experiment and the present calculations is good. The calcu-
lated lattice constant is only 2% smaller than the experimen-
tal value of 4.33 A, which is a typical consequence of the
LDA calculations. However, the static bulk modulus of this
material is overestimated by about 13% than its experimental
value. On the other hand, the presently determined value of
bulk modulus is in good agreement with the previous LDA
results.!*!>17 One should also notice that the experimental
value of the bulk modulus is somehow uncertain due to the
difficulty of growing good quality single crystal of TiC.

It is well known that the elastic properties define the prop-
erties of a material that undergoes stress, deforms, and then
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FIG. 1. Theoretical phonon dispersion curves and density of states for TiC. Experimental data (open circles) are taken from Ref. 19.

recovers and returns to its original shape after stress ceases.
In fact, there are three elastic constants for the rock-salt
structure, denoted as C;y, C,, and Cyy. These three indepen-
dent elastic constants are estimated by calculating the stress
tensors on applying strains to an equilibrium structure. In
Table I, we show our results regarding the elastic constants
for TiC in the rock-salt structure at zero pressure. All elastic
constants in this table are positive and satisfy the generalized
criteria for mechanically stable crystals: (C;;—C;,)>0; Cy;
+2C,>0; C;;>0; and C4y>0. For comparison, available
experimental'?> and theoretical'® results are also listed in
Table I. We see that the calculated elastic constants are in
reasonably good agreement with the existing experimental
data'? within the experimental uncertainties. The deviations
vary between 0.6% and 18%, the best agreement being found
for C44.

The results of the bulk phonon-dispersion curves are dis-
played in Fig. 1, along several high-symmetry lines, together
with the corresponding phonon density of states (DOS). The
experimental data from Ref. 19 is shown by open circles in
this figure. The overall agreement with the experimental data
is fairly good. Since the unit cell contains two atoms, there
are six vibrational phonon modes for any chosen q point. For
wave vectors along [100] and [111], the transverse modes are
doubly degenerate. Therefore, there are only four distinct
values of frequencies in these directions. In the [110] direc-
tion, the transverse modes are not degenerate and thus there
are six distinct frequencies in this direction. Due to the large
mass difference between Ti and C atoms, the optical phonon
branches are well separated from the acoustic branches. The
longitudinal optical (LO) frequencies increase rather rapidly
with increasing ¢. However, transverse optical (TO)
branches show reduced amounts of dispersion along the
[110] and [111] directions, and nearly no dispersion along
the [100] direction. The flatness of TO branch along [100]
gives rise to a peak in the DOS at 16.5 THz. The peak at 18.2
THz is also due to the TO branches while the peak centered
at around 20.6 THz comes from the LO branch. The com-
puted transverse and longitudinal acoustic (TA and LA)
branches behave normally in the long wave limit, with steep
slopes. We have observed that the lower TA branch is nearly

flat near the Brillouin zone boundaries X and L. This flatness
leads to a clear peak at 9.0 THz in the DOS, while the LA
phonon branch creates a peak centered at around 11.7 THz.

In order to test our LDA results for phonons in TiC, we
also used a first-principles pseudopotential method based on
a GGA of the density functional theory. We have used the
ultrasoft pseudopotentials.’” The electronic wave functions
are expanded in plane waves up to a maximum cutoff energy
of 50 Ry. Our numerical results are obtained using the GGA
functional by Perdew-Burke-Ernzerhof.>® Our GGA phonon
calculations have been made at the I', X, and L symmetry
points. Comparison of LDA and GGA phonon results for TiC
has been made in Table II. It should be pointed out that there
is no systematic increase or decrease in phonon frequencies
due to the inclusion of the GGA. However, results from both
methods are in good agreement between each other. The
LDA phonon results presented in Table II do not change
more than 7% when GGA method is employed. This change
is within typical experimental error margin. Thus, we can say
that LDA results are of as good a quality as the GGA results
are.

TABLE II. Comparison of LDA and GGA phonon results (in
THz) for TiC at the I', X, and L symmetry points. Experimental
results are also presented.

Symmetry point (Method) TA LA TO LO
T (LDA) 1643 1643
T (GGA) 1521 1521
I' (EXP)? 16.08 16.08
X (LDA) 8.94 11.20 16.38 18.18
X (GGA) 9.19 11.24 15.29 17.49
X (EXP)? 8.69 10.72 16.38 18.55
L (LDA) 8.21 13.96 17.84 22.29
L (GGA) 8.36 13.85 16.88 21.48
L (EXP)? 7.97 13.13 17.10 21.45

4Reference 19.
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FIG. 2. Schematic illustration of relaxed side and top views of the TiC(001)(1 X 1) surface. The vertical buckling of top two layers
(r; and r,) and the bond lengths (dti.c) are also shown in the side view of the surface.

B. Surface properties

1. Atomic geometry

Before discussing our results for phonons on the TiC(001)
surface, we will briefly address the results for atomic geom-
etry. The cleaved (001) surface of rock-salt TiC retains the
primitive (1 X 1) periodicity, but its surface presents a very
well-known pattern of relaxation. Each atom is situated at
the center of a square net of atoms of the other type. At the
surface and subsurface layers, Ti atoms move away from the
bulk, while the C atoms move into the bulk. Schematic side
and top views of the relaxed surface geometry of the
TiC(001) surface are illustrated in Fig. 2. The structural pa-
rameters indicated in Fig. 2 are also listed in Table III. These
parameters are in good agreement with the experimental
LEED? study and previous theoretical calculations.?”-?® In
particular, the calculated values of the vertical buckling of
the top two layers (r; and r,) are found to be 0.12 and
0.04 A, respectively. These values compare very well with
their corresponding experimental values of 0.14 and 0.03 A
(Ref. 23) within the experimental uncertainties. Our calcu-
lated r; and r, values are also in good agreement with the
recent GGA values?® of 0.11 and 0.03 A. For the relaxed
surface, bond lengths are found to deviate significantly. In
particular, the bond length between the surface layer Ti and
the subsurface layer C (d;p_oc) is found to be 2.031 A,
which is 5% smaller than the calculated bulk bond length
value of 2.13 A. The experimental value of d;r_c has been
reported to be 2.14 A in the LEED measurement by Tagawa

et al.”® The other bond lengths (d;c_oti, dorisces and dayc_373)
are found to be 2.188, 2.077, and 2.142 A, respectively.
These values are in reasonable agreement with the corre-
sponding experimental values of 2.25, 2.19, and 2.15 A.2

2. Phonon spectrum and density of states

As noted earlier, there is a large gap between the bulk
acoustic and optical phonon branches due to the mass differ-
ence between Ti and C atoms. Any solutions found in this
gap region will be truly localized surface states. In addition
to this gap region, there are a few stomach gaps in the pro-
jected bulk phonon band structure. The first of these lies in
the bulk acoustic phonon region. This gap is due to the en-
ergy difference between LA and TA phonon modes in the
bulk phonon spectrum of TiC. Other two gaps come from the
energy difference between LO and TO phonon energies. No
bulk phonon states can be found in these gap regions.

The calculated phonon spectrum for the TiC(001) surface
is shown in Fig. 3. The calculated results are shown by thick
lines while the projected bulk TiC phonon energies are
shown by the shaded regions. The dashed curves in this fig-
ure indicate surface phonon results with the ideally termi-
nated surface geometry. Open squares illustrate the EELS
data from the experimental work of Oshima et al.?* The cal-
culated results are in good agreement with the experimental
data along the all symmetry directions. We find that several
surface localized phonon states appear throughout the sur-
face Brillouin zone (SBZ) in the acoustic-optical gap range.

TABLE III. Vertical buckling of top two layers (r; and r,) and the calculated bond lengths (dyi.c), compared with previous experimental

and theoretical results. Units: A.

Source I 10} diti-ic darioac dsri_sc diticac dicomi darizsc dyc-3Ti
This work 0.120 0.040 2.124 2.122 2.122 2.031 2.188 2.077 2.142
LEED? 0.14 0.03 2.14 2.25 2.19 2.15
GGA® 0.11 0.03

FPMD¢ 0.14

dReference 23.
PReference 28.
“Reference 27.

035405-4



AB INITIO CALCULATION OF PHONONS FOR...

PHYSICAL REVIEW B 80, 035405 (2009)

100 100
90 90
80 80

§ 70 70

£

£ 60 60

>

&0 50 50

2

M 40 40
30 30
20 20
10 10
0 L )

M r

FIG. 3. Theoretical surface phonon dispersion curves of the relaxed (solid curves) and unrelaxed (dotted curves) TiC(001)(1 X 1) surface.

Experimental results®* are depicted by open squares.

Three of these, labeled S,, S4, and Ss, are degenerate at the '
point. Good agreement has been observed between our cal-
culated and experimental results>* for the S, phonon branch
along the I'-X and I'-M directions. The branch S, is disper-
sive up to the middle of I'-X direction. Close to the zone
boundary point X, this branch is nearly flat and it turns into a
delocalized surface phonon mode. The branch lying between
S, and S, has been labeled S5 in the literature. As can be
seen from Fig. 3, this phonon branch is less dispersive than
the S, and S, branches. The phonon branches in the LO and
TO gap regions are also in good agreement with experimen-
tal measurements.?* In addition to these branches, any solu-
tions found above and below the bulk phonon regions will be
states truly localized at the surface. However, we have not
found any localized phonon branch above the bulk phonon
spectrum. This observation is in good agreement with experi-
mental results.>* Our highest surface optical-phonon branch
lies 3 meV below the projected bulk continuum. The picture
for the lowest surface acoustic branch is different. This
branch, known as the Rayleigh wave branch, is found to fall
below the bulk-acoustic continuum and becomes truly local-

ized close the zone edges and along the X-M direction.

We have made a few observations regarding the impor-
tance of surface relaxation on the energy location of phonon
modes. First, surface relaxation shifts the highest surface op-
tical state upward in energy by up to 5 meV at the zone
center. Second, the lowest gap phonon mode for the unre-
laxed geometry lies 8 meV below the corresponding relaxed
phonon mode at the zone center. Moreover, the agreement
between the unrelaxed-gap phonon modes and experimental
values is not as good as the corresponding agreement be-
tween the relaxed-gap phonon modes and experimental
values.?* Finally, the energy of the Rayleigh mode at the
zone center shifts upward by about 4 meV due to surface
relaxation.

In Fig. 4(a), we have plotted the phonon DOS for the
TiC(001), surface (solid curves), and bulk TiC (dashed

(a)

i — Relaxed DOS
---- Bulk DOS

DOS (1/meV)
T

\ I -
0 100 20 30 40 50 60 70 8 90 100

Energy (meV)

(b)

— Relaxed DOS
N ---- Unrelaxed DOS

DOS (1/meV)
T

\ \ \ '
0 10 20 30 40 50 60 70 8 90 100
Energy (meV)

FIG. 4. Theoretical results for surface-phonon density of states
of the TiC(001)(1 X 1) surface (a) relaxed and bulk DOS, (b) re-
laxed and unrelaxed DOS.
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TABLE IV. Polarization characters of the zone-center phonon frequencies (in meV) and comparison with

a previous shell model calculation.

SH modes SP modes
This work 58.40 63.51 58.40 58.40 62.90 64.60 83.80
Shell Model* 64.30 64.30 64.30 81.00
Classification Ss Sy S, S;

4Reference 24.

curves). Some of the clearly identified peaks due to surface
phonon states are labeled P,-P,. The peak P, (at around 35

meV) is due the Rayleigh wave branch along the X-M direc-
tion. The peak P, is characterized by localized gap phonon
modes along the same symmetry direction. We have ob-
served two clear peaks at energies 56 and 64 meV which are
due to localized-gap phonon modes in the acoustic-optical
gap region. In order to show the overall effect of surface
relaxation on vibrations clearly, the phonon density of states
for relaxed and unrelaxed geometries are shown in Fig. 4(b).
The surface phonon peaks obtained for the relaxed geometry
are also found for the unrelaxed-surface geometry. These
peaks are labeled P| to P; have same character with their
corresponding peaks in Fig. 4(a). The energy difference be-
tween these peaks can be related to the relaxation of surface.

3. Polarization and localization of surface phonon modes

In this paper, phonon dispersion curves for the TiC(001)
surface are plotted corresponding to vibrations of atoms in
the top two layers. Since the top two layers have four atoms
in the unit cell, it is expected that vibrations of these atoms
would result in 12 surface phonon modes. We will discuss
polarization characteristics of these phonon modes at the

symmetry points I', X, and M. Before making this discus-
sion, it is important to note that when the wave vector is

along the -X and T-M axes, there is a mirror reflection
symmetry about the plane which contains the surface normal
and the wave vector. Thus, the vibration is separated into a
saggital plane (SP) mode which oscillates in the plane and a
shear horizontal (SH) mode whose eigenvector is vertical to
the plane. Only the SP modes are observable by the EELS
experimental technique in Ref. 24.

The calculated zone-center surface phonon frequencies
for TiC(001) and their comparison with previous shell model
calculations®® are given in Table IV. The surface-phonon
modes listed in this table are named (S,, S4, and Ss) in a way
similar to Chen’s classification.’® The phonon branches S,,
S4, and S5 are degenerate at zone center with energy 58.40
meV. The energy of this zone-center phonon mode has been
reported at 64.0 meV in the previous shell model
calculation.’* We believe that this energy difference is
largely due to a proper treatment in the present work of in-
teratomic force constants and effective charges at the surface
layer. Away from the zone center, the three branches split off.

This can be seen clearly along I'-X in Fig. 3. The phonon
modes at 62.90 and 64.60 meV have SP character, while the
phonon at 63.51 meV has SH character. It is important to

note that the shear phonon mode at 63.51 meV cannot be
observed experimentally due to its vibrational pattern. These
phonon modes are all localized gap phonon modes in the
acoustic-optical gap region. The highest gap phonon mode at
64.60 meV is mainly localized on the first layer C atoms,
while other gap phonon modes come from the vibrations of
second layer C atoms due to large mass difference between
Ti and C atoms. In agreement with previous shell model
calculation, the highest surface optical phonon mode at 83.80
meV has SP character. This phonon mode is dominated by
atomic vibrations of the second-layer C atoms in the surface
normal direction. This phonon mode has been labeled S; in
the literature. The energy of this phonon mode is in excellent
agreement with the EELS?* results at around 85.0 meV.

Along the T-X direction, we have identified three surface
acoustic branches. Two of these fall below the bulk acoustic
continuum and become truly localized-phonon modes away
from zone center. The energy difference between these
branches is very small (less than 1 meV). The third branch
becomes separated from the other branches with increasing

wave vector. Close to the zone-edge X point, this branch falls
into a stomach-gap region. The lowest acoustic branch is
totally polarized with SH character while other acoustic
branches have SP character. These characters are slightly dif-
ferent from their corresponding characters determined from
the shell model calculations. Oshima et al.?* have observed
the SP and SH characters for the first and second acoustic
branches, respectively. Noting that the experimental mea-
surements and theoretical estimates have error margins of 1
meV, this character change is quite acceptable due to very
small energy difference between these branches. At the zone

edge X, the energies of these branches are found to be 31.95,
32.69, and 50.16 meV. We present displacement patterns of
these phonon modes in Fig. 5. The lowest frequency is a
transverse acoustic phonon mode due to the motion of the
first-layer Ti and second-layer C atoms in the [010] direction.
The second acoustic frequency also includes large atomic
vibration from first-layer Ti and second-layer C atoms in the
surface normal direction, while the second-layer Ti atom
move in the wave vector direction with smaller amplitudes.
As a result of this vibrational picture, this phonon mode may
be described as a quasitransverse acoustic mode. The third
surface acoustic frequency has an energy of 50.16 meV and
is characterized by large atomic vibrations of surface-layer Ti
atoms in the wave vector direction. For this phonon mode,
first-layer C atoms vibrate in the surface normal direction but
with smaller amplitudes than vibrational amplitudes of first-
layer Ti atoms. In the literature, this phonon mode is known
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FIG. 5. Atomic displacement patterns for surface acoustic phonon modes at the X point.

as a quasilongitudinal acoustic mode because of its vibra-
tional pattern. The branch S5 has SH character due to the
vibrations of surface-layer C atoms in the [010] direction.
The other atoms are nearly at rest for this phonon mode. In
the literature, this frequency is known as the Lucas mode.
We additionally report that this phonon mode is purely trans-
verse optical due to its vibrational picture. The S, and S,
modes have SP character which are in agreement with the
shell model calculations of Oshima et al.>* Finally, the en-
ergy of highest surface optical phonon mode is found at
85.83 meV, which is in good agreement with its experimental
value of 85.0 meV. This phonon mode includes large atomic
vibrations from the surface-layer C atoms in the wave vector
direction while the second-layer C atoms move in the surface
normal direction with smaller amplitudes. As a results of this
picture, this mode can be labeled as a quasilongitudinal optic
mode.

Along the r-M direction, the vibrations of the surface-
layer Ti atoms increase with the wave vector for the lowest

and second acoustic phonon modes, thus turning into truly

localized phonon modes at the zone-edge M point. In agree-
ment with the previous shell model calculations,” these
acoustic phonon modes have SP and SH characters, respec-
tively. The dispersion of the third acoustic-phonon mode
agrees very well with the experimental data along this sym-
metry direction. We have observed SP character for this pho-
non mode, in agreement with the shell model calculation of
Oshima et al.>* Due to atomic displacement patterns of these
acoustic branches, first two of these are TA phonon modes
while third one is LA phonon mode. Similar observation has
been also made at the X point. The energies and polarization
characters of these phonon modes are presented and com-
pared with previous theoretical calculations®* in Table V. At
the zone-edge M point, S, (SP character) and Ss (SH char-
acter) branches become degenerate at 64.36 meV which can
be seen in Table V. The S, phonon branch shows similar

dispersion to the corresponding phonon mode along the T'-X

TABLE V. Frequencies (in meV) and polarization character of phonon modes at the M point and com-

parison with a previous shell model calculation.

SH modes SP modes
This work 36.36 65.0 34.73 43.55 4891 65.0 76.13
Shell Model* 33.57 64.6 30.35 37.86 48.57 64.6 75.0
Classification S| Ss S, Se S, S

4Reference 24.
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direction. Moreover, this phonon branch has vibrational pat-
tern similar to its counterpart along the I'-X direction. The
highest surface optical-phonon mode in the I'-M direction

starts at I' as the vibrations of the second-layer C atoms in
the surface normal direction and this SP character continues
up to the most part of this symmetry direction. However,
approaching the zone boundary it switches his character to

SH. At the M point, we have found that this phonon mode is
characterized by atomic vibrations of the second-layer atoms
in the wave vector direction. Due to its vibrational character,
this phonon mode is purely LO, with SH polarization char-
acter.

IV. SUMMARY

In this paper, we have presented the structural, elastic and
vibrational properties of rock-salt TiC by employing a first-
principles scheme based on the application of the plane-wave
pseudopotential method, density functional theory, and a lin-
ear response technique. The calculated static properties, viz.,
equilibrium lattice constant a, bulk modulus B, and pressure
derivative of bulk modulus B’ are in agreement with previ-
ous theoretical and available experimental results. In order to
calculate elastic constants for rock-salt TiC, we have applied
tetragonal and monoclinic strains. Our calculated C,, value
is in excellent agreement with its experimental value. In ad-
dition to this agreement, the calculated phonon dispersion
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curves for rock-salt TiC fit very well with experimental data.

We have also performed ab initio pseudopotential calcu-
lations for structural properties of the TiC(001)(1X 1) sur-
face. The calculated structural parameters and bond lengths
compare very well with existing experimental data. The pres-
ently obtained relaxed atomic geometry is used for the cal-
culations of the surface phonon modes on this surface using
the linear response approach based on an ab initio pseudo-
potential method and the local-density functional perturba-
tion scheme. The calculated phonon dispersion curves are in
good agreement with the experimental data. We have pro-
vided a more detailed account of surface vibrations than is
currently available from experiments or other theoretical cal-
culations. We have also examined the effect of surface relax-
ation on surface phonon modes. In particular, we have noted
that the highest surface optical phonon branch and the lowest
acoustic-optical gap branch are very sensitive to surface re-
laxation. We have provided a detailed account of the polar-

ization of atomic vibrations along the I'-X and T-M direc-
tions. Moreover, the polarization characteristics of various
zone-center and zone-edge phonon modes have been pre-
sented and discussed in detail.
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