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We study the systematics of the electronic structures of the carbides of the transition series Sc, Ti, V, Zr and Hf and

the actinides U and Th using the tight-binding linear muffin-tin orbitals method (TB-LMTO). The densities of states,

charge distribution and energy bands are studied in the lowest energy configuration. Changes in the bonding

configurations and the equations of state are also compared as we go from 3d Ti to 5d–4f Hf. For the actinide carbides,

the f-states have features rather different from the 3d–5d transition metal carbides. Similar studies are made on

these carbides.
1. Introduction

Transition metal carbides have attracted grow-
ing attention because of their scientific and
technological interest. They are extremely hard,
often crystallize in stable rock-salt-like (NaCl-like)
or CsCl-like structures. Further, they are corrosion
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resistant and have very high melting points. These
properties indicate strong covalent bonding [1]
between the carbon s–p and the transition metal d
orbitals. It is interesting that properties associated
with covalent bonding are found in these com-
pounds which show crystal structures normally
associated with ionic bonding. We shall study the
carbides of the transition metals Sc, Ti, V and Zr
to look into the trends in the electronic and elastic
properties of the series. This involves bonding
between incomplete shell 3d–4d electrons of the
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metals and the s–p orbitals of nonmetallic C.
Interestingly, these compounds show conductiv-
ities comparable with those of the pure transition
metals.
The calculations are based on the Density

Functional Theory (DFT). We shall use the local
density Langreth–Mehl (LM) parametrization.
This approach works well for most systems. For
transition metals having 3d- or 4d-filled shells it
tends to underestimate the equilibrium volume and
overestimate the bulk modulus [2,3]. Ahuja et al.
[4] have investigated the electronic structure,
elastic properties of TiC, TiN and TiO using the
full potential linear muffin-tin orbital method
(FP-LMTO) with Hedin–Lundqvist local-density
parametrization. Nickel et al. [5] have studied self-
consistent band structures for the carbides, ni-
trides, and oxides of titanium, vanadium, and
scandium using the augmented-plane-wave meth-
od together with the Xa method for exchange.
TM  t2g TM  egC 2p

Fig. 2. Bonding configurations for the carbides, (right) C p–

TM eg bonding (left) C p–TM t2g bonding.
2. Methodology and results

2.1. The transition metal carbides

Fig. 1 shows the three different crystal structures
relevant to the carbides: the NaCl and CsCl
Fig. 1. Crystal structures fo
structures and for ScC2, the body-centered tetra-
gonal.
Fig. 2 shows the possible important bonding

configurations. The left-hand side shows the
bonding between the C 2p orbitals and the eg
orbital of the transition metal, while the right-
hand side shows the bonding between the C 2p and
the t2g orbitals of the transition metal. It is clear
from the figure that the right-hand side configura-
tion provides the strongest contribution to the
covalent bonding in the solid.
r the various carbides.
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Table 1

Electronic configurations for Sc, Ti, V, Zr, Hf, Th, U and C

Element Z Core Valence

C 6 He2 2s2 2p2

Sc 21 Ar18 3d1 4s2

Ti 22 Ar18 3d2 4s2

V 23 Ar18 3d3 4s2

Zr 40 Kr36 4d2 5s2

Hf 72 Xe54 4f14 5d2 6s2

Th 90 Rn86 6d2 7s2

U 92 Rn86 5f3 6d 7s2

Table 2

Wigner–Seitz radii and degree of overlap of the transition metal

and actinide carbides

Carbide rWS of metal rWS of Carbon Overlap (%)

ScC(FCC) 3.222 1.885 7.7

ScC2(tetra BC) 3.499 1.661 13.3

TiC(FCC) 2.905 1.976 10.1

VC(FCC) 2.779 1.959 11.1

ZrC(FCC) 3.274 1.894 7.6

HfC(FCC) 2.960 2.229 7.7

ThC(FCC) 3.622 2.398 8.0

UC(FCC) 3.333 2.299 7.5
The electronic structure was obtained by means
of the tight-binding linearized muffin-tin orbitals
method (TB-LMTO) within the atomic sphere
approximation ASA [6–8]. For Carbon the 2s–2p
electrons are the bonding electrons, while for the
transition metals we consider the outermost sd
electrons as participating in bonding. The config-
urations are shown in Table 1.
In all calculations the Wigner–Seitz sphere radii

of the transition metal and Carbon atoms were
taken to be unequal and the degree of overlap was
well within the allowed range. The Wigner–Seitz
radii were chosen such that the total volume of all
spheres equalled the volume of the equilibrium
primitive cell. The Wigner–Seitz radii are shown in
Table 2. Each transition metal atom is surrounded
by six C atoms and vice versa. The calculations
were semi-relativistic in nature where the mass–
velocity and Darwin terms were included, but the
L.S term was excluded.
First we shall study the way in which the total

energy varies with the change of atomic volume.
Fig. 3 shows this variation for the four carbides
ScC, TiC, VC and ZrC in the NaCl and CsCl
structures. For all of them the NaCl structure is
the stable structure at normal pressures. However,
with increase of hydrostatic pressure which
changes the atomic volume, there is the possibility
of a transition at high pressures to the CsCl
structure. We have fitted these curves by quadratic
regression. The curvature at ðV=V0Þ ¼ 1 is directly
related to the bulk modulus.

B0 ¼ �
1

V

d2E

dV 2

����
V¼V0

. (1)

Details of the equilibrium lattice parameter and
their comparison with experiment and the bulk
moduli are shown in Table 3.
In Fig. 4 we show the energy vs. atomic volume

for the body-centered tetragonal structure for
ScC2. This is to be compared with the similar
result for ScC in Fig. 3. At normal pressures, ScC
goes into a NaCl structure which transforms into
CsCl at high pressures. However, a much more
stable structure is the body-centered cubic ScC2,
which is 74.5 Ryd lower in total energy than NaCl
ScC.
The equation of state for the three compounds is

found by fitting to the two-parameter Birch
equation [10,11]

P ¼ 3
2

B0 ðx7=3 � x5=3Þ 1þ 3
4
ðB0

0 � 4Þðx2=3 � 1Þ
h i

,

(2)

where x ¼ V 0=V ;B0 is the isothermal bulk mod-
ulus and B0

0 is the first-order pressure derivative of
the bulk modulus evaluated at zero pressure. This
is shown in Fig. 5. This further confirms the
statement that TiC and HfC are the most difficult
to deform by isotropic pressure; ZrC is more
deformable. Nevertheless, all three carbides are
very rigid and require very high isotropic pressures
for deformation.
Let us now look at the details of the electronic

structure for the transition metal carbides. Fig. 6
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Fig. 3. Energy minimization with respect to atomic volume for the NaCl (dashed) and CsCl (full) lines. (Top) ScC and TiC (Bottom)

VC and ZrC.
shows the band structures for ScC, TiC, VC and
ZrC with energies measured from the Fermi
energy. The first thing to note is that the general
nature of the band structures is very similar for all
the carbides. As we go along the same row of the
periodic table from Sc to V the bonding and anti-
bonding bands get pushed outward on both sides
of the Fermi energy due to increased overlap
energy. On the other hand, the band structures of
TiC and ZrC which lie on the same column of the
periodic table are very similar. Since the number of
electrons increase as we go from ScC to VC, the
position of the Fermi energy with respect to the
bands moves upward as expected.
In Fig. 7 we show the total and projected

densities of states per atom (DOS) for the cubic
face-centered (NaCl-like) structure of the carbides.
We note immediately, as deduced from the band
structures, that the DOS for ScC, TiC and VC are
very similar. The characteristic bonding–anti-
bonding structure with a pseudo-gap is character-
istic of all the carbides. The Fermi energy rigidly
shifts to higher energies as we fill up the transition
metal d-states with electrons (going from Sc to V).
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Table 3

Calculated lattice parameters, atomic volumes and bulk moduli for the carbides for different structures

Compound Crystal structure Lattice Parameter Atomic volume Bulk modulus

Theoretical (a.u.) Experimental (a.u.) ða:u:Þ3 (Mbar)

ScC FCC 8.325 8.763a 84.114c 1.736

TiC (NaCl- 7.735 8.144b 67.519 2.886

VC structure) 7.450 7.812b 59.590 3.605

ZrC 8.886 — 87.690 2.406

ScC cubic 5.367 — 77.288 1.787

TiC primitive 5.089 — 65.890 2.530

VC (CsCl- 4.900 — 58.832 3.401

ZrC structure) 5.454 — 81.108 2.155

ScC2 (tetragonal c ¼ 12:085 —

body a ¼ 7:563 — 115.226 2.000

centered)

aExperimental, taken from Ref. [1].
bExperimental, quoted in Ref. [2].
cExperimental, quoted in Ref. [3].
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Fig. 4. Energy minimization with respect to atomic volume for

ScC2.
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Fig. 5. Equations of state for the three transition metal

carbides.

For ScC (see Fig. 7 (top,left)), the Fermi

energy ðEFÞ resides below the pseudo-gap. The C
s states are situated at lower energies with some
hybridized contribution of C p. The states just
below EF are dominated by strongly hybridized
bonding combinations of Sc 3d orbitals of eg
symmetry and C p-derived orbitals, with some
contribution from Sc–Sc t2gs and C p–Sc t2gp
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Fig. 6. Band structure of (top) ScC and TiC and (bottom) VC and ZrC. Energies are measured from the Fermi energy.
bonding orbitals. ScC has a rather low bulk
modulus (see Table 3). The states above EF are
contributed by Sc eg–Cp anti-bonding states and
Sc t2g-derived states. The latter provides large
contribution above the pseudo-gap to the DOS.
For TiC (see Fig. 7 (top,right)), the DOS is very

similar to that for ScC except that the Fermi
energy ðEFÞ now resides in the pronounced pseu-
do-gap where the DOS at EF is very low. This
indicates a stronger covalent bonding than ScC.
TiC has a much higher bulk modulus than ScC
(see Table 3). The C 2s states are separated more
from the bonding states in comparison to those in
ScC. The states below EF are derived from
strongly hybridized bonding combinations of Ti
3d orbitals of eg symmetry and C p-derived
orbitals, with some contribution from Ti–Ti t2gs
and C p–Ti t2gp bonding orbitals. Above the EF

the DOS is contributed by the Ti eg–Cp anti-
bonding states and most of the Ti t2g-derived states
are found in the region just above the pseudo-gap;
the latter makes a large contribution to the DOS.
In VC, because of further filling up of the d-

shell, the Fermi-level lies beyond the pseudo-gap
and on a sharply increasing peak just above,
mainly made up of V-3d states and C-2p anti-
bonding states. The carbon s and p states are
shifted to lower energies compared to those for
ScC and TiC. The states below EF are mainly
composed of V-3d and C-2p bonding states. The
bulk modulus is larger than TiC. As 3d states
dominate at the Fermi level, the conduction
electron states in VC are dominated by 3d
electrons.
The DOS for ZrC is rather similar to that for

TiC. As TiC and ZrC have the same d2 electrons at
the outermost orbit the Fermi level for both
resides in the pseudo-gap. The carbon s and p
states are situated at the same energy (about 9 eV
below EF for both TiC and ZrC and they are well
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Fig. 7. Density of states per atom (top) ScC and TiC and (bottom) VC and ZrC. Energies are measured from the Fermi energy.
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Fig. 9. Charge density shown on the (1 1 0) plane of a NaCl structure (Top) ScC and TiC (Bottom) VC and ZrC.
separated by about 7 eV from the bonding Zr 5d
and C 2p states). As in the case of TiC, one might
expect a strong bonding because EF is situated at
the pronounced pseudo-gap where the DOS at EF

is very low. But C 2p and Zr 3d states are more
apart in energy compared to TiC, resulting in a
weaker p–d mixing. The Bulk modulus is slightly
bit lower than that for TiC. Above EF the states
are derived from Zr-d C-p anti-bonding orbitals
and mostly by Zr t2g-derived states. The latter’s
contribution is far larger than that of the anti-
bonding orbitals.
Although we have discussed NaCl-structured

ScC in order to compare with the other carbides,
experimentally it has been found that this structure
is not one of the stable structures of this carbide.
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The stable structure is a body-centered tetragonal
ScC2. In Fig. 8 we show the band structure and
density of states for ScC2. The Fermi energy now
lies above the pseudo-gap, very reminiscent of VC.
The bulk modulus of ScC2 is considerably larger
than ScC.
Fig. 9 shows the charge density on a (1 1 0) plane

of the NaCl-structured carbides. The covalent
bonding between Sc and C in ScC is weak and this
carbide tends to show the usual ionic-type rock-
salt structure. The covalent bonding between the
transition metal and carbon systematically be-
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Fig. 10. The density of states for the HfC.
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Fig. 11. Band structure for HfC (left); the charge distributi
comes stronger in TiC and VC. ZrC charge
distribution is similar to that of TiC. The large
bulk modulus of the carbides can be explained, as
discussed in the introduction, by the strong
covalent bonding in them. The variation of bulk
modulus follows the strengthening of the covalent
bonding between the transition metal and carbon.
We now report on HfC. Hf has f electrons in

addition to the d electrons characteristic of the
transition metals.
Fig. 10 shows the total density of states for HfC.

Again the qualitative picture of the Fermi energy
straddling the C p-Hf d bonding–anti-bonding
states is in agreement with the Fermi energy lying
in the pseudo-gap at �0:009Ryd. Now the Hf 5d
states lead to wider bands which strongly overlap
the higher-lying p-like bands. This systematic
trend from 3d to 5d bands, as we go from Ti to
Hf, is clear from the partial densities shown here.
Fig. 11 shows the band structure of HfC. As

discussed earlier, the low-lying s-like band arises
from the C s-state. The bands straddling the Fermi
energy arise due to hybridized bands between C p
and Ti,Zr and Hf s and d states. From the band
structure we can identify that the lowest band in
the conduction state arises due to the transition
 g 

on in the (1 0 0) plane of the unit cell for HfC (right).



ARTICLE IN PRESS

-0.12

-0.11

-0.1

-0.09

-0.08

-0.07

-0.06

-0.05

-0.04

9 9.2 9.4 9.6 9.8 10 10.2 10.4 10.6
-0.93

-0.92

-0.91

-0.9

-0.89

-0.88

-0.87

-0.86

-0.85

-0.84

8.4 8.6 8.8 9 9.2 9.4 9.6

Fig. 12. Energy–lattice parameter curves for (left) ThC and (right) UC.

0.6

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

0 50 100 150 200 250 300 350 400 450 500

V
/V

0

Pressure (GPa)

Fig. 13. The equation of state for ThC (dashed), UC (dotted)

and (for comparison) TiC (full).
metal s states and above this there is a cluster of
five bands which are anti-bonding combinations of
C p and transition metal d. These hybridized
bands cut the Fermi energy and contribute to the
small density of states at the Fermi level. The
pseudo-gap in all three carbides thus originates
from covalent bonding rather than any ionic
nature [9]. The charge distributions for HfC on
the (1 0 0) plane is shown in the right panel in Fig.
11. The charge distribution clearly shows the
dominating covalent-like bonding between the
transition metal t2g orbitals and the C p orbitals.

2.2. The actinide carbides

The actinides differ in two aspects from the
transition metals first, the relativistic corrections
become more important in these high Z atoms. As
for the transition metals, we have taken into
account the mass–velocity and the Drawin terms
into account. Second, the unfilled 5f orbitals take
on an important role. Both these will have to be
taken into account properly in our study.
Since we are dealing with high atomic number

constituents we shall include the relativistic correc-
tion in our TB-LMTO calculations. The electronic
configurations of the constituents are shown in
Table 1. As in the case of the transition metal
carbides, the outermost sd electrons participate in
bonding, with the just lower-lying 5f state for U. In
all calculations the atomic sphere radii of the
transition metal and carbon atoms were taken to
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be unequal and the degree of overlap was well
within the allowed range. The atomic sphere radii
were chosen such that the total volume of all
spheres equalled the volume of the equilibrium
primitive cell. The Atomic sphere radii are shown
in Table 2. Each actinide atom is surrounded by
six C atoms and vice versa. The minimal basis set
contained the 16-orbital spdf for the actinide
atom. For C, only the sp orbitals were considered
and the df orbitals were downfolded.
As before, let us begin by examining the

variation of total energy with lattice spacing.
Fig. 12 shows the total energy as a function of
lattice spacing in the two cases. The energy–lattice
spacing graph behaves like a quadratic near its
minimum. The bulk modulus can be obtained
from them as described in Eq. (1).
Both UC and ThC have bulk moduli which are

lower than those of the transition metal carbides.
We expect this from the weaker covalent bonding
and consequent larger lattice spacings in the
actinide carbides. The bulk modulus for UC is
65GPa and for ThC it is only 43GPa. ThC has the
weakest bonding and the largest lattice spacing. In
comparison, TiC has a bulk modulus of almost
70GPa.
The equation of state for the two carbides is

found by fitting to the two-parameter Birch
equation (Eq. (2)). This is shown in Fig. 13. It is
clear from the figure that both UC and ThC are
more compressible than TiC, i.e. the same volume
change occurs in them for less isotropic pressure
than TiC. ThC is the most compressible. This is in
consistency with the bonding picture we have
developed in this work.
We shall now study the details of the electronic

structure. The densities of states for ThC and UC
are shown in Fig. 14. For comparison the TiC
density of states is also shown in the bottom panel.
Both the actinide carbides have densities of

states which are rather different from TiC. The
two features to the left of the DOS curves for ThC
and UC belong to the Actinide 6p and the C 2s
states in that order. This is also seen in the band
structure of the two compounds shown in Fig. 15.
In comparison for TiC only the C s band is seen;
the 3p state is deep in the core. It is around the
Fermi energy that the actinide carbides show the
maximum difference from the transition metal
carbides. While the TM d–C p hybridization in the
latter leads to a pseudogap in the middle of which
the Fermi energy resides, in the actinide carbides
the f states completely straddle the Fermi energy.
The localized nature of the f electron and the
relatively larger lattice spacing (9.75 a.u. for ThC
and 9.1 a.u. for UC as compared to 8 a.u. for TiC,
8.8 a.u. for ZrC and 8.5 a.u. for HfC) mean that
actinide f–C p hybridization is relatively weak. The
f bands are very sharp and they provide a large
density of states at the Fermi level. A comparison
of the density of states and the band structures of
ThC and UC indicates that in this series of
compounds the rigid band model is not bad; the
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Fig. 15. The band structure of ThC and UC (top, left and top, right) and TiC (bottom).
only effect on increasing Z is the shift of the Fermi
energy to the right as more electrons fill up the d–f
bands.
In Fig. 16 we show the charge distribution in the

(1 0 0) plane of the rock-salt structure. The C
atoms sit on the arms of the square. It is clear from
the figure that the charge distribution in the
actinide carbides is rather different from the
transition metal carbides. In the earlier section
we had seen that all three transition metal carbides
had very similar charge distributions and inter-
preted these by the dominant TM t2g–C p covalent
bonding. The distinctive charge distribution in the
actinide carbides is because of the f-states, which
have a dominant effect in the vicinity of the Fermi
energy and in the charge distribution.
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Fig. 16. The charge distributions in the (1 0 0) plane of the unit cell for (left) ThC (right) UC.
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