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Abstract. The electronic and optical properties of tantalum carbide TaC have been calculated using the
full-potential linearized augmented-plane-wave method within the local density approximation scheme for
the exchange-correlation potential. We find that the optical spectra can be extremely sensitive to the
Brillouin zone sampling. The influence of relativistic effects on the dielectric function is investigated. It is
shown that the scalar-relativistic correction is much more important than spin-orbit coupling. Our results
are found to be in good agreement with the available experimental data. The determinant role of a band
structure computation with respect to the analysis of optical properties is discussed.

PACS. 71.15.Ap Basis sets (LCAO, plane-wave, APW, etc.) and related methodology (scattering methods,
ASA linearized methods, etc.). — 74.25.Jb Electronic structure. — 74.25.Gz Optical properties.

1 Introduction

Tantalum carbides are refractory materials widely em-
ployed as coatings in the field of high temperature tech-
nology because of their peculiar physical and chemi-
cal properties ranging from high thermal stability to
good resistance against corrosion [1-5]. TaC is usually
a non-stoichiometric material TaC, with 0 < z < 1, it
presents a rock-salt structure and has a melting point of
about 3880 °C, a Knoop hardness of 2000 kg/mm? [4]
and a superconducting transition temperature of ~10 K.
The material has attracted much interest, but good un-
derstanding has been elusive because, as in other transi-
tion metal carbides and nitrides [5-12], TaC exists over
a wide range of compositions outside stoichiometry and
its physical properties vary as a consequence. Mechanical,
thermal, electrical and optical properties have been in-
vestigated from both theoretical and experimental points
of view [13-17]. However, to our knowledge, up to now,
there has been no calculation of the optical properties of
tantalum carbide that includes the full transition matrix.
The determination of optical properties requires, apart
from the Kohn-Sham eigenvalues, the explicit use of the
wave functions which should be calculated as accurately
as possible.

The aim of this paper is to present the results of a theo-
retical investigation of the electronic structure and optical
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spectra of a bulk TaC which crystallizes in a NaCl-type
lattice. The availability of ellipsometry measurements
data from Modine et al. [18] was a further motivation.
This kind of data is usually interpreted using the optical
spectra estimated from the joint density of states [19]. The
method adopted in the present work for the calculation of
the optical properties of TaC is the full potential linearized
augmented plane wave (FP-LAPW) method [20-25].

The organization of the paper is as follows: we explain
the computational method in Section 2. The results are
presented and discussed in Section 3 for the electronic
structure and the optical properties. A brief conclusion
is drawn in Section 4.

2 Computational method

We have carried out self-consistent calculations for TaC in
rock-salt structure, using the FP-LAPW method in a re-
cent implementation [22-25]. This approach has been ex-
tensively tested and is among the most accurate methods
for performing electronic structure calculations of crys-
tals. In this calculational scheme, there are no shape ap-
proximations to the charge density or potential. The ex-
change and correlation potential within the Local Density
Approximation (LDA) is calculated using the scheme of
Hedin-Lundqvist [26]. In the FP-LAPW method, the unit
cell is divided into two parts: (i) non-overlapping atomic
spheres (centered at atomic sites) and (ii) an interstitial
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region. The sphere radii used in the calculations for Ta
and C are 2.1 and 1.9 a.u. respectively. Within these
spheres, the potential is expanded as

)= Vi (r)Yim (7) (1)
m

where Vi, (r) are the radial functions and Y, (#) the
spherical harmonics. And outside the sphere

r) =Y Vger (2)
K

where K are the reciprocal lattice vectors. The Brillouin
zone integrations have been carried out using 35 k-points
in the corresponding irreducible wedge. Well converged
solutions are obtained for RyrKiee = 9, Ry labelling
the atomic sphere radii and K., the interstitial plane
wave cut-off.

For the calculation of the optical properties, the
Brillouin zone integration is performed using the tetra-
hedron method [27] for a series of k point sampling. The
complex dielectric function:

e(w) = e1(w) +iea(w) (3)

is known to describe the optical response of the medium
at all photon energies. In metals, there are two contribu-
tions to intraband and interband transitions. The inter-
band transitions can be further split into direct and in-
direct transitions. Both the intraband transitions and the
indirect interband transitions must involve a third parti-
cle (e.g., a phonon or an impurity; see for example ref-
erence [28]) in addition to the electrons and photons in
order to account for the momentum transfer. These tran-
sitions are thus three-particle interactions, which consid-
erably complicate a calculation from first principles. How-
ever, the intraband part of the dielectric function can be
modelled by using Drude’s formula [29].

Eintra(w) _ ng (4)
2 T wWw?+T7?)
2
w.,
() =1 - )
h2 2
2—ﬂm22/|pnnk|6 nk_EF) (6)

where wj, is the free electron plasma frequency, I" is a
lifetime broadening, and py, i is the momentum matrix
element evaluated for the LAPW basis set. The intraband
transitions dominate at low energies. The indirect inter-
band transitions are, at the current state of theoretical
development, not possible to calculate explicitly. However,
we can expect them to add a rather smooth background
to the spectra [30]. The direct interband contribution to
the imaginary part of the dielectric function, 5" is cal-
culated by summing all possible transitions from occu-
pied to unoccupied states, taking the appropriate transi-
tion matrix element into account [31]. The real part gi"te"
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is then determined from 4" by imposing the condition

of causality [32]. All optical constants may now be de-
rived from the preceding considerations. Let us just recall
the main expressions. The imaginary part of the dielectric
function is given as usual [33]:

2(0) = (2o) S [ aa 00 - 5B

x 8(Ejx — Eij —w)d’k

where 7 and j are the initial and final states, respectively,
f is the Fermi distribution function, and FE; is the energy
of an electron in the ith state. The real part €1 (w) of the
dielectric function can be extracted from the imaginary
part using the Kramers-Kronig relation:

2 * Weg(w)dw'
sl(w)f1+ﬂP/O ) (8)
where P is the principal value of the integral.

The optical spectra such as the refractive index n(w),
the extinction coefficient k(w) and the absorption coeffi-
cient a(w) are easily calculated in terms of the components
of the complex dielectric function, i.e.:

[ 2 )2 | /2

n(w) = sléw) N e1(w) 2+ ga(w) (9)
_ _ 11/2

k(w) = ( ); ealw)” Eléw) (10)

(11)

3 Results and discussion

In order to fully interpret the optical spectra which arise
from interband transitions, we briefly describe the elec-
tronic properties of TaC. Fitting the Murnaghan equation
of state [34] to the total energies versus lattice volume
yields the equilibrium lattice constant (aeq = 4.42 A), the
bulk modulus (By = 369.83 GPa) and the pressure deriva-
tive of the bulk modulus (B’ = 4.58). When the equi-
librium lattice constant is compared to the experimental
value (a = 4.456 A) [4,35], we find that our calculated
result is rather close to the experimental value.

In Figure 1, we present the total and projected den-
sities of states (DOS) for TaC. The main peak above the
Fermi level is located at 4 eV. Below the Fermi level, there
are three main peaks, located at —5, —7, and —12 eV. Ac-
cording to the projected DOS it is clear that the lowest
energy structure is mainly composed of the C 2s band with
a little admixture of Ta 5d states. The next two structures
below the Fermi level primarily contain electrons from
C 2p bands and from the Ta 5d bands. A broad struc-
ture at about 4 eV above the Fermi level contains states
arising from the Ta 5d bands and to a lesser extend from
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Fig. 1. Total and site-dependent densities of states of TaC from a non-relativistic (dashed line), a scalar-relativistic (dotted

line) and full-relativistic calculation (full line).

non-relativistic scalar-relativistic

18

full-relativistic

1 V 13
16 - : ]
14 ] /\ < -& b[/ = 1121”/\\ L
2 AN ) /\\ —/N
°] /\ k > /\
84 4 d
6.- ] A v
. 4-.\/ A L g T
5 21 7>/ 1~ T\ 4
& o Er
s & _ ¥ |
4 j |
N @ <] i K ~ z,gi Kgé
-8 ] i
12_/\ e 1] g N g Fig. 2. Band structure of
e i 1 / 1 / TaC:  non-relativistic  (left),
o] 1 1 scalar-relativistic (middle) and
e ] full-relativistic (right) have been
w LA T & X WK W L AT & X W K w LA T & X WK performed.

the C 2p bands. The overall density of states we obtained
for TaC is in good overall agreement with the correspond-
ing results from other authors [36,37]. Further support
for our theoretical results stems from the good agreement
with the measured peaks separations which is independent
of the uncertainty in determining the position of Er from
the experimental data.

A straightforward comparison between the theoreti-
cal density of states at the Fermi energy and the specific

heat coefficient at low temperature is possible. Unfortu-
nately, the only data available, we are aware of, is the
specific heat of TaC at 298 K [4] which is not directly ob-
tained in our calculation. Nevertheless, our prediction of
0.63 states/eV/cell is in good accord with other theoreti-
cal works [15,17,38,39].

The electronic band structure of TaC along several
lines of high symmetries is also shown in Figure 2 in or-
der to further illustrate our optical results. Let us just



284

30
y o
! —— 103824 k e
' e 50854k 8404 L L
R 24385k gas] [
25 e - 12168k WE
5833k i
H 2745k 25 ‘ 9
e 1332K 820
20 729k ‘
20000 40000 S0V00 BSIVOOD 100000 120000
w 15+ k-points in [BZ
£
10 4
5
o +——r1r—1——7—r 17—
0 2 4 6 8 10 12 14 16

Energy (eV)

Fig. 3. Imaginary part of the frequency dependent dielectric
function of TaC for a series of k point numbers in the IBZ. In
the inset the dependence of the plasma frequency (in eV) with
respect to the k point numbers.

give a brief description of a few band dispersions. Band 1
has been indexed starting from the lowest energy: it arises
from the C 2s state and does not contribute to the bond-
ing. It displays a maximum dispersion at the L point at
an energy of —10.45 eV. The next lowest bands originate
mainly from C 2p states (I'15, at I') and Ta 5d states (112
and Ips, at I'). Actually, the Ta 5d bands are further de-
composed into tg, originating from I5s: and e, originating
from Ii5. The highest band shown in Figure 2 originates
from the Ta 6s state because of a repulsive interaction
with the previously considered C 2s band which shifts the
Ta 65 states to higher energies above the Fermi level. The
Ta 65 states do not mix very much with the Ta 5d states,
but rather do lie at about 5.8 eV above the I'15 level, at I’
for example.

In terms of convergence with respect to the most im-
portant parameters, our results did not turn out to be
sensitive to the number of LAPW’s, but there is a crucial
dependence upon the BZ sampling.

Figure 3 shows the interband contribution to the imag-
inary part of the dielectric function, obtained in a scalar-
relativistic calculation, for a series of k point meshes. The
peaks do not only get sharper with increasing the num-
ber of k points, but they also exhibit a pronounced energy
shift. Only with the most dense mesh, quantitative agree-
ment with experimental data is achieved (Fig. 4) [18]. The
inset of Figure 3 exhibits the plasma frequency as a func-
tion of the number of k points in the irreducible wedge
of the Brillouin zone (IBZ). We note that the plasma en-
ergy of the full-relativistic calculation changes by 0.27 eV,
i.e. from 8.11 eV obtained with 125 k-points to the con-
verged value of 8.38 eV obtained with about 1000 k-points
or more. Since the main contributions stem from certain
weighted regions of the BZ, a refinement of the mesh can
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Fig. 4. Calculated scalar-relativistic imaginary part of the di-

electric function including a life-time broadening of 0.1 eV (full

line), compared (up to 6 eV) to the corresponding experimental
data [18] (dotted-dashed line).

significantly add new contributions to the total spectrum.
The experimental measurements yield the plasma energy
values at 18, 7.9 and 9 eV, as estimated from reflectance
data, phase data and carrier concentration studies, respec-
tively [18]. Our calculated value of 8.38 eV is in reasonable
agreement with both values obtained by fitting phase data
and carrier concentrations, but the value obtained from
the reflectance data appear to be too large.

In order to investigate relativistic effects we have per-
formed three types of calculations: non-relativistic, scalar-
relativistic, and including spin-orbit coupling up to second
order. In Figure 5, both the real and the imaginary parts
of the energy dependent dielectric function are shown for
the three cases mentioned above. While there is less dif-
ference between the scalar-relativistic and the one includ-
ing spin-orbit, the change is more substantial when going
from non-relativistic to scalar-relativistic approximations.
Let us just recall here that the scalar-relativistic effects
include both Darwin shift, and mass-velocity corrections.

In Figure 4, we present the imaginary part of the di-
electric function for TaC including a life-time broadening
of 0.1 eV (which also partially expresses the experiments
resolution) in order to better compare to the correspond-
ing data given by Modine et al. [18]. Actually we obtain
a reasonable agreement below 6 eV where the compar-
ison with experiment is available. At low energy, where
intraband transitions occur, an abrupt rise shows up be-
low 1 eV, and a minimum at about 3 eV, which confirms
the low energy divergence seen in metallic materials and
the overall spectral shape somewhat similar to the ones
corresponding to other comparable transition metals.

At higher energies and using our calculated band struc-
tures it is worthwhile to identify the interband transitions
that are responsible for the peak structures of e2(w) la-
belled A, B, C, D, E and F in Figure 4 and correspond-
ing to the following energies: 4.66 eV (A), 7.06 eV (B),
8.2 eV (C), 8.9 eV (D), 10.7 eV (E) and 11.8 eV (F). We



M. Sahnoun et al.: Electronic structure and optical properties of TaC from the first principles calculation

1 non-relativistic I

Dielectric Function

0 2 4 6 8 10 12 14 16
Energy (eV)

Fig. 5. Calculated energy dependent dielectric function of
TaC: real (dashed lines) and imaginary part (full lines) of
from non-relativistic (top), scalar-relativistic (middle) and full-
relativistic calculations (bottom).

need then to look at the optical matrix elements for the
various pairs of bands which are involved to eventually ob-
tain peaks in the imaginary part of the dielectric function.
Thus, we notice that the major peak at about 4.66 eV cor-
responds to the transition from the high density of states
region at —4.7 eV (band 4) to the empty bands located
above the Fermi level. The peak at 7.06 eV can be re-
lated to transitions between bands 4 and 6 (along K).
The peaks at 8.9 and 11.8 eV show the direct transitions
between bands 2 and 7 (along X) and between bands 4
and 9 (along W), respectively.

4 Conclusion

We used the FP-LAPW method, within the LDA for ex-
change correlation potential in order to investigate the
electronic structure and the optical properties of TaC
compound. Three types of calculations were performed:
non-relativistic, scalar-relativistic and full-relativistic. Us-
ing the energy band dispersion we analyzed the interband
contributions to the optical properties and explained the
origin of various features observed in the optical spectra,
according to the predicted energy band dispersion curves.
We obtained quite good agreement with experiment in
terms of plasma frequency and of the position of the first
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interband transition peak. This agreement can, however,
only be achieved when the BZ integration is carried out
with sufficient accuracy (large number of k-points). The
optical properties of TaC are significantly influenced by
the scalar-relativistic effects and to a lesser extend by the
spin-orbit coupling.

This work was supported by the Swiss National Science Foun-
dation and the Swiss State Secretariat for Education and
Science.
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