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Electronic structure and stability of polymorphous modifications
of titanium monocarbide
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The electronic structures and stabilities of five polymorphous modifications (PM) of
titanitm monocarbide, TiC, with the NaCl (B1), CsCl (B2), zinc blende (B3), wirtzite (B4).
and NiAs (B8) structural types. were studied by the non-empirical. self-consistent lincar
“muffin-tin” orbital—tight-binding (LMTO-TB) method. The equilibrium unit cell volumes,
lattice parameters, and the densities of electronic states were calculated. Depending on the
structural type {coordination number, CN)}. the PM of TiC possess essentiaily different
conducting properties (semumetallic tor CN 6 (Bl, BS), metallic for CN 8 (B2), and
semiconducting for CN 4 (B3, B4)). Based on the resulis of calculations of the total band
energies, it was found that the srabilities of these PM of TiC decrease in the order Bl > BS >

32 ~ B4 > B2 The nature of chemical bonding in the five PM of TiC was onalvzed in the
tight-binding approximation with EHT parametrization.

Key words: titanium monocarbide, polymorphous maodifications, electronic structure,
quantum-chemical calculations. tight-binding approximation, non-empirical quantum-chemi-
cal caleulations, LMTO-TB method. stability. chemical bonding.

Titanium carbide is a typical representative of a large
community of high-melting interstitial phases based on
transition d-metals of Groups 111—V], which possess an
unusual combination of thermomechanical properties
fan increased mechanical strength and a high melting
temperature) with intriguing electromagnetic and ther-
mal emussion characteristics and are of great scientific
and technological value. %2

The Ti—C system is characterized by a broad homo-
geneity region (TiC, j_q5). 1t is well knownb2 that only

one compound, titanium monocarbide TiC, with a
cubic structure of the NaCl type, is formed under equi-
librium conditions in this system. Until recently, this
cubic phase with octahedral coordination of the atoms
(the coordination number, CN, equals 6) and a Ti/C
ratio > | has been considered as unique.

Recent advances in the field of nanoscale technol-
ogy? provided the possibility of synthesizing a number of
novel carbon-titanium compounds such as molecular
clusters (the so-called met-cars, 3 eg., TiyCysy, and
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other cage structures of the Ti,C,, type®—10)  endo-
fullerenes (of the Ti@Cy typedtld2) apd Ti-doped
carbon nanotubulenes. 314 A distinctive feature of all
these compounds is that both the CN of the atoms and
the metal/non-metal ratio can vary over a wide range,
the latter parameter being sometimes much less than
unity. These nanoscale objects are fairy stable and can
serve as a basis for the preparation of new crystalline
carbon-titanium materials with unusual properties. Re-
cently, theoretical predictions of the properties of some
of the new high-carbon condensed phases in the Ti—C
system, e.g., titanium dicarbide TiC,, with structure of
the CaC,, ThCa. CsCl. and CaF, types,!S and higher
nanocrystalline titaniwm carbide TiyCy,. with met-cars
as structural units, 1917 have been reported.

In this work, we considered a particular aspect of the
probiem of the search for new phases in the car-
bon—titanium system. This is associated with the possi-
bility for polymorphic transformations accompanied by
changes in the coordination numbers of the atoms 1o
occur provided that the carbide composition. TiC, .
remains unchanged. To this end, we calculated a set of
characteristic parameters for five structural modifica-
tions of titanium monocarbide with three main types of
coordination of the atoms in binary crystals. These are
the polymorphous madifications (PM) with the NaCl
(B1, CN 6), CsCl (B2, CN 8), zinc blende (B3, CN 4),
wirtzite (B4, CN 4), and NiAs (B8, CN 6) structural
types.

The encrgy band structures (EBS) of these PM were
calculated by the non-empirical, self-consistent linear
"muffin-tin” orbital —tight-binding (LMTO-TB) method
based on the density tunctional theory. 8.9

Parameters of local interatomic interactions (the crys-
tal orbital overlap populations, COOPs) were calculated
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Fig. 1. Dependence of the total band energy (£,,,) on the Ti—C
interatomic distance for different polvmorphous modifications
of TiC. Obtained from the LMTO-TB calculations.

Table 1. The cquilibrium unit cell volumes (Vy) and lattice
parameters (a. ¢). total band energies (£,,). and total crystal
orbital overlap populations of the Ti—C bonds (COOP) for
ditferent polymorphous modifications of titanium monocarbide

Strue- CN vy at c* — £ Total COOP**
ture JAM _—_A——— fev* Ti—Cje
Bi 6 20320 4.332 —  1780.74 2.57

B2 3 19.426  2.688 ~ 1780.54 212

B3 4 26.046 4705 — 1780.56 2,53

B4 4 25568 3.307 340 1730.59 253

B8 6 21451 3.048 3.33 1780.63 2.36

* Obtained from the LMTO-TB calculations.
** Obtained from semiempirical tight-binding caiculations with
the EHT parametrization.

in the tight-binding approximation?® with EHT pa-
rametrization?! and used then in discussing the nature of
chemical bonding and stability of the above-mentioned
PM of TiC.
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Fig. 2. Densities of states for different polymorphous modifica-
tions of TiC, , calculated for the equilibrium unit cell volumes
(Vy): Tidd (), C2p (D), and C2s states (N: 4 and B are peaks of
the p-d subbands.
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First, parameters of the equilibrium staies were de-
termined for each PM from the dependences of the total
band energies (£, on the unit cell volume (V) (Fig. 1).
The equilibrium unit cell volumes (V) and interatomic
distances (ap) corresponding to the minimum £, values
are listed in Table |,

The simplest formal analysis of the £, values shows
that the cubic TiC structure (Bl) with CN 6 is the most
stable. The calculated and experimental lattice constant
values are close (4.332 and 4.3281 Al respectively).
Stabilitics of the tive PM of TiC decrease in the order
Bi > B8 > B4 ~ B3 > B2. Among hypothetical struc-
tures, the B8 structure with octahedral coordination of
the atoms. which is typical of real TiC (B1), is the most
stable. Less stable are the B3 and B4 structures with
CN 4 and the B2 structure with CN 8 was tound to have
the lowest stability. Hence. the scarch for new meta-
stable TiC phases should be continued among the struc-
tures with CN 6 (e.g., various derivatives or anulogs of
the BI structure??).

Consider the problem of relative stability of different
TiC PM in the context of the EBS and chemical bond-
ing in the corresponding structures. The densities of
states (DOS) calculated for the ¥, values of the five TiC
modifications are plotted in Fig. 2. The EBS of the cubic
TiC, 4 (B1) has been studied in detail. 2324 We found
that the TiC (B1) valence band consists of (1) a band of
quasi-core C2s states and (ii) the main valence subband
of the hybrid Ti13d-C2p states (the p-d band) responsible
for the effects of interatomic interactions in TiC. which
are separated by a band gap (see Fig. 2). This is in good
agreement with previous calculations. Judging from the
pusition of the Fermi level (£p) in the region of the
DOS minimum (a pseudogap??) between the bands of
filled bonding p-d states and antibonding vacant Ti3d.4s
states. this PM of TiC is expected 1o possess semimetal-
lic conducting properties. 12.23,24

The patterns of the energy band spectra of the B8
and B! modifications of TiC are similar. Mutual ar-
rangement and the compositions of the main spectral
subbands (of the C2s, p-d, and Ti3d.4s states), as well as
their widths, are retained. The Fermi level is near the
DOS minimum, between the filled p-d band and the
pand of free delocalized metallic states.

Another spectral pattern was found for two TiC
modifications with CN 4 (B3 and B4). As the CN
changes trom 6 to 4. the valence band becomes nar-
rower, the energy gap between the C2s and p-d bands
changes, the p-d band is divided into two subbands
{peaks 4 and B, Fig. 2). and a band gap between the
bonding p-d and antibonding Ti3d subbands appears.

One should expect that the B3 and B4 metastabic PM of

TiC will possess semiconducting properties.

The pattern of the energy band spectrum of the last
TiC structural modification (B2) with CN § again
changes essentially. The most important distinctive fea-
ture of this spectrum is the appearance of an intense
peak of nonbonding states near £g (see Fig. 2). Because

. monocarbide

of this and unlike other PM. B2-TiC is expected to
possess metallic properties.

Consider the nawre of stability of different TiC
polymorphous modifications using the COOPs of the
iwo-center Ti—C, Ti—Ti, and C—C bonds. obtained in
the tight-binding approximation with EHT parametriza-
ton. for the equilibrium lattice constants found tfrom the
non-empirical LMTO-TB calculations.

According to our calculations, the COOPs of the
Ti—Ti bonds are an order of magnitude lower than those
of the Ti—-C covalent bonds. while the COOPs of the
C—C bonds are negligible. Therefore, the estimates of
the total effects of chemical bonding for different TiC
modifications were obtained by comparing the total
COOPs (TCOOPs) of the bonds the metal atom forms
with all carbon atoms in the nearest environment. As
follows from the data listed in Table 1. the TCOOPs of
the Ti—(C), bonds (n = 6 (B1, BR), 4 (B3, B4), and §
(B2)) change in the same order as the £, values of the
corresponding TiC modifications. The most stable Bl
and BS phases with CN 6 are characterized by the
highest TCOOPs associated with the strongest chemical
bonds, the less stable B3 and B4 PM with CN 4 also
have somewhat lower TCOOPs, and the fowest TCOOP
value was found for the B2 modification with CN 8.

Thus. as in the case of stable cubic (Bl) carbides of
transition d-metals of Groups 111—V1.23:2% the chemical
bonding in polymorphous modifications of ufanium
15 in essence duc to directed covalent
Ti~C bonds formed as a result of Ti3d-C2p valence
orbital averlaps. Changes in the type of the crystal
structure (CN) control the hybridization type of the
valence p-d orbitals (the strength of the Ti—C covalent
bonds). which are responsible for the order in which the
stabilities of the TiC polymorphous modifications stud-
ied in this work are changed.
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