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Abstract. The band structure and energetics ofε-Ti2N andδ′-Ti2N were calculated by means
of the full-potential linearized augmented-plane-wave (FLAPW) method. In accordance with
experiment,ε-Ti2N was found to be more stable thanδ′-Ti2N. The transformation energy at
0 K was calculated as 9.35 kJ mol−1. Relaxation of the Ti atoms stabilizes theδ′-phase and the
relaxation energy of 28.75 kJ mol−1 is rather high.

A comparison with a former LAPW band-structure calculation that used a muffin-tin
potential shows significant differences which are ascribed to the sensitivity of some very
delocalized valence states to the approximations for the potential in the interstitial region. Thus,
the importance of using a full potential for these compounds is stressed.

A FLAPW calculation for the fictitious compoundδ′-Ti2C furnishes qualitative explanations
for the instability of theδ′-Ti2N structure for this substance.

1. Introduction

Owing to its hardness and high stability, titanium nitride has found many applications in
industry. It is used, for example, as a surface coating on cutting tools, and as a constituent
in cemented carbides and in hardened steels [1, 2]. Some authors have tried to relate the
hardness of specific titanium nitride samples to their phase composition [3, 4]. The study
of the different phases occurring in the phase diagram of the Ti–N system is, therefore,
interesting not only from the academic point of view [1, 2, 5].

TiNx crystallizes in the cubic sodium chloride structure (δ-phase) over a wide range of
composition, 0.426 x 6 1.02, with the vacancies statistically distributed on the N sublattice
[6]. The ranges of concentration of theδ-phase given by other authors [3, 5] differ slightly.
For compositions with 0.5 6 x 6 0.6, a long-range-ordered tetragonal defect structure of
nominal composition Ti2N, so-calledδ′-Ti2N, is obtained after annealing at 773 K [7–9].
Its unit cell, shown in figure 1, can be derived from two fcc unit cells on top of each
other where the vacancies on the N sublattice occupy fixed positions (ordered TiN0.5). The
δ′-Ti2N structure is obtained from this ordered TiN0.5 by a tetragonal distortion of the unit
cell resulting in ac/a ratio of 2.112 64 instead of 2.0. Neutron diffraction shows that—
contrary to the findings of some earlier experiments—the Ti atoms ofδ′-Ti2N are shifted
in the z-direction by1 = 0.123 Å away from their positions in the NaCl structure towards
the nearest N neighbours [9].

δ′-Ti2N is, however, only metastable [1, 10, 11] and transforms by ageing into thermo-
dynamically stableε-Ti2N which crystallizes in the tetragonal primitive antirutile structure
[12]. Its unit cell is shown in figure 2.ε-Ti2N can be directly obtained from disordered
δ-TiNx only at high temperatures, because the transition is kinetically hindered and a high
activation energy must be provided to initiate it [13]. Its formation is favoured by the
presence ofα-Ti [1]. ε-Ti2N is also formed fromδ-TiN and ζ -Ti4N3 [1, 14].
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Figure 1. The tetragonal unit cell ofδ′-Ti2N. Full
circles: N atoms; squares: N vacancies; empty circles:
Ti atoms.

Figure 2. The unit cell ofε-Ti2N. Full circles: N atoms;
empty circles: Ti atoms.

In an earlier publication [15], the band structure, densities of states and electron densities
of ε- andδ′-Ti2N were calculated by means of the LAPW method [16, 17]. The chemical
bonds were analysed and it was found that the relative stability of the two phases could be
explained by qualitative arguments. For both theε- and theδ′-phase, the Fermi level lies
in, or near, a minimum of the density of states (DOS) whereas, for disorderedδ-TiN0.5, it
is situated in the ascending part of the DOS d-band peak. In the two ordered structures the
energies of the Ti t2g states and—forε-Ti2N—also of the eg states are lowered due to the
formation of d–dσ -bonds. These states form one (two) subpeaks at the bottom of the DOS
d band which are separated by the minimum mentioned above from the remainder of the
peak. The formation of additional d–d bonds stabilizes the ordered phases with respect to
the disordered phase.

However, for a quantitative discussion of the relative stabilities ofδ′- and ε-Ti2N, the
total energies of both phases must be calculated. The accuracy of the LAPW method is not
sufficient for this task. Therefore, the necessary calculations were performed by means of
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the full-potential linearized augmented-plane-wave (FLAPW) method [18].
Recently, the DOS ofε-Ti2N was calculated by Zhanget al [19] by means of the

LMTO-ASA method. The authors claim good agreement with previous calculations [15, 20].
However, they locate the N p band ofε-Ti2N at a 2 eVlower position than in [15] and
separated by a gap of 2 eV from the Ti d band whereas, in the LAPW calculation [15], the
p- and d-band overlap. Similar deviations exist between their DOS forδ-TiN and the DOS
of δ-TiN from a previous APW band-structure calculation [20]. Thus, only the trends in
the DOS on going fromδ-TiN to ε-Ti2N are well reproduced by their calculation.

2. Computational aspects

The FLAPW method is based on density functional theory [21] assuming the local density
approximation (LDA). In our code, the Hedin–Lundqvist exchange potential [22] is used
and the calculations are performed scalar relativistically for the valence states. The core
states, including the so-called semi-core Ti 3s and 3p states, are treated as atomic-like and
their energies are calculated fully relativistically. In the former LAPW calculation [15] the
Ti 3s and 3p states were treated as semi-core band states and calculated in a separate energy
window.

The FLAPW method makes use of a full potential without assuming the muffin-tin
approximation inherent to the LAPW method. In the atomic spheres around the atomic
positions (with radiiRTi of 1.961 au andRN of 1.732 au) the electron density and the
potential are expanded in spherical harmonics up tol = 8. In the interstitial region between
the atomic spheres the potential and the electron density are expanded in 8000–9000 plane
waves corresponding to a maximumK-vector of 4.6. The valence electron wave functions
are expanded in 800–900 so-called augmented plane waves. The former LAPW band-
structure calculations [15] used only basis sets of less than 500 augmented plane waves. In
order to avoid ghost bands the energy parameters for the Ti s and p states are given fixed
values of 1.0 and 2.5. All other energy parameters are determined from the centre of gravity
of the l-like bands of the previous iteration.

As in [15], the tetrahedron method [23, 24] is used for the integrals ink-space. The
18–20 non-equivalentk-points which where used in [15] in order to obtain self-consistency
do not suffice for energetic investigations because the total energies depend significantly
on the number ofk-points in the mesh. Differentk-meshes must be used for tetragonal
primitive ε-Ti2N and for tetragonally centredδ′-Ti2N with c/a ratios of 0.6118 and 2.112 64,
respectively, in order to distribute thek-points as evenly as possible in the respective
irreducible wedges of the Brillouin zone. For results of comparable accuracy, the total
energies should be extrapolated to an infinite number ofk-points.

For the geometry optimization, first the total energies for several volumes were
calculated using differentk-meshes. The resulting energies were extrapolated tok → ∞.
In this step, thec/a ratio, the internal parameteru for ε-Ti2N and the Ti-atom relaxation
1 were frozen at the experimental values. The minimum of the total energy with respect
to the volume and the corresponding equilibrium volume were determined by means of a
Birch fit [25].

In a second step, equilibrium values for thec/a ratio, the internal parameteru and
the relaxation1 were found by energy minimization at a volume fixed at its equilibrium
value and using comparablek-meshes of 540 inequivalentk-points forε-Ti2N and of 546
inequivalentk-points forδ′-Ti2N. The experimental lattice parameters and atomic positions
are the same as in [15].
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Figure 3. The volume dependence of the total energy/unit cell ofε-Ti2N (lower curve) and of
δ′-Ti2N (upper curve).

3. Results

3.1. Energetics

Figure 3 shows Birch fits for the total energies ofε- andδ′-Ti2N as functions of the volume.
For both compounds, the equilibrium volume is about 2% lower than the volume found by
experiment. This deviation is caused by the local density approximation inherent to the
FLAPW code which overestimates the cohesion in solids. The total-energy curve of the
ε-phase lies below the curve for theδ′-phase in accordance with the fact thatε-Ti2N is
found by experiment to be the thermodynamically stable phase. Theε-phase is stable at a
2% smaller volume than theδ′-phase which indicates the probability of stronger bonding
in the former phase. The transformation energy (at 0 K) was calculated as 14.25 mRyd per
unit cell (containing two formula units) corresponding to 2.25 kcal mol−1 or 9.35 kJ mol−1,
respectively. No experimental value for theδ′–ε transformation energy has been found in
the literature but in [11] the transformation enthalpy1Hδ−δ′ is given as 7.03 kJ mol−1

(64 J g−1).
Band-structure methods such as the FLAPW method can only be applied to solids

with translational symmetry. Therefore, we cannot calculate the total energy of disordered
δ-TiN0.5. We can, however, perform a band-structure calculation for ordered TiN0.5 as
described in the introduction, with ac/a ratio of 2.0 and with unrelaxed Ti atoms. The
lattice constant for this fictitious structure is found by setting the volume of its unit cell
equal to the equilibrium volume of theδ′-phase. The total energy of ordered TiN0.5 is
then 35 mRyd/unit cell (23 kJ mol−1) higher than the total energy of theδ′-phase with
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Figure 4. The variation of the total energy with thec/a ratio (as a percentage deviation from
the experimental value) at the equilibrium volume for (a)ε-Ti2N and (b)δ′-Ti2N.
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the same volume.
The equilibrium values for the other crystallographic parameters were determined by

energy minimization at fixed equilibrium volume. Figure 4 shows the total energy as a
function of thec/a ratio for (a)ε-Ti2N and (b)δ′-Ti2N. The deviation of thec/a ratios at
the respective energy minima from the experimental values lies below−1% with an energy
decrease of less than 0.05 mRyd/unit cell.

Figure 5. The total energy ofε-Ti2N versus the internal parameteru determining the position
of the titanium atoms in the unit cell.

The minimization of the total energy ofε-Ti2N at the experimentalc/a ratio with respect
to the internal parameteru (figure 5) leads to an equilibriumu-value coinciding with the
experimental value.

The influence of the relaxation of the Ti atoms on the total energy ofδ′-Ti2N (at
the equilibrium volume and with the experimentalc/a ratio) is shown by a solid curve
in figure 6. The value of the Tiz-coordinate at the energy minimum lies at 0.141c
(corresponding to 13% relaxation with respect to the unrelaxed position, of 0.125c, which
is assumed by the Ti atoms in the NaCl structure) instead of the experimental value of
0.139c. The energy difference between the equilibrium and the experimental Ti relaxation
is 1.1 mRyd/unit cell (0.7 kJ mol−1) and the total relaxation energy—with respect to that
of δ′-Ti2N with unrelaxed Ti atoms—is calculated as 43.1 mRyd/unit cell (28.75 kJ mol−1).
Relaxation of the Ti atoms reduces the nearest-neighbour Ti–N distance in thez-direction
by 13% and, therefore, the bond strength of theσ -bonds between the Ti dz2 orbitals and
the N s and pz orbitals increases accordingly. A significantly lower total energy results.

If the Ti atoms in ordered TiN0.5 with a c/a ratio of 2.0 are allowed to relax at constant
volume, the total energy changes as shown by the dashed curve of figure 6.Without relax-
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Figure 6. The total energy ofδ′-Ti2N versus the relaxation of Ti atoms in thez-direction
given in fractions of the lattice parameterc multiplied by 1000. Solid curve: relaxation for the
experimentalc/a ratio of 2.112 64; dashed curve: relaxation for the ordered TiN0.5 structure
with c/a = 2.0

ation, the total energy of ordered TiN0.5 lies 8.6 mRyd/unit cell below the energy ofδ′-Ti2N.
If the Ti atoms are allowed to relax, though, the total energy of ordered TiN0.5 decreases
only by 23.09 mRyd/unit cell compared to 43.1 mRyd/unit cell in the case of ofδ′-Ti2N.
Therefore, theδ′-Ti2N structure is, forrelaxedTi atoms, more stable than the ordered TiN0.5

structure.

3.2. Band structure and densities of states

Ample discussion of the LAPW band structures and densities of states ofε- and δ′-Ti2N
can be found in [15]. At this stage, therefore, only the differences between LAPW and
FLAPW results will be discussed.

Figure 7 shows in panel (a) the FLAPW band structure ofε-Ti2N for the equilibrium
geometry and, in order to facilitate comparison, in panel (b) the corresponding LAPW band
structure [15] for the experimental geometry. Deviations can be detected, for example near
the centre of the Brillouin zone (point0). The eigenvalues with a large amount of charge
in the interstitial region (e.g. the eighth and eleventh eigenvalues at0 with 70% (80%)
charge in the interstitial region) react sensitively to the change in the interstitial potential
from a constant in the LAPW method to the Fourier expansion of the present FLAPW
calculation and are shifted in the latter case by 0.1 (0.11) Ryd to higher energies. Other
eigenvalues with more localized wave functions change their position much less or not at



10230 R Eibler

Figure 7. The band structures ofε-Ti2N in some symmetry directions ofk-space. (a) The
FLAPW band structure for the equilibrium geometry. (b) The LAPW band structure [15] for
the experimental geometry.

all. The sequence of eigenvalues at0 is, therefore, modified, leading to local differences
in the LAPW and FLAPW band structures.

Figure 8 shows in panel (a) the FLAPW band structure ofδ′-Ti2N for the equilibrium
geometry and, for comparison, in panel (b) a section of the LAPW band structure [15] of
this compound for the experimental geometry. The deviations of the FLAPW from the
LAPW energy bands near0 are less pronounced than forε-Ti2N. However, the s and p
bands are shifted to slightly lower energies and, whereas the p and d bands overlap at0 in
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Figure 8. The band structures ofδ′-Ti2N in some symmetry directions ofk-space. (a) The
FLAPW band structure for the equilibrium geometry for relaxed (full curve) and unrelaxed
(dotted curve) Ti atoms. (b) A section of the LAPW band structure [15] for the experimental
geometry.

the LAPW band structure, no overlap is found in the FLAPW case.
In order to show the influence of the relaxation of the Ti atoms on the band structure,

the bands of the unrelaxed band structure ofδ′-Ti2N are also shown as dotted lines in
figure 8(a). Without relaxation, the increased N–Ti distance in thez-direction leads to
weaker Ti dz2–N (s, pz) bonds. Therefore, the corresponding bonding states at the top of
the s and p band are shifted to higher energies and the antibonding states at the top of the d
band to lower energies. The p bandwidth increases accordingly and, as a consequence, the
p and d bands overlap at0. The d-band states undergo variable shifts according to their
individual charge distribution.

The differences between the LAPW and FLAPW band structures also give rise to
differences in the corresponding densities of states. Figure 9 shows the FLAPW (solid
curve) and LAPW (dotted curve) densities of states (DOS) ofδ′-Ti2N with the experimental
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Figure 9. The FLAPW (solid curve) and LAPW (dotted curve) densities of states ofδ′-Ti2N
with the experimental geometry in states of both spin directions per rydberg and per unit cell
containing two formula units of Ti2N.

geometry†. With respect to the LAPW DOS peak, the FLAPW DOS peak corresponding
to the p band is shifted by 0.2 eV and the FLAPW DOS peak corresponding to the d band
by 0.7 eV to higher energies. The FLAPW Fermi level lies exactly in the DOS minimum
separating the lowest d-band peak from the rest of the d band. Also, the pseudogap between
the p and d band is enlarged. The amount of d charge in the p band is reduced in the FLAPW
calculation indicating less interaction between Ti d and N p states compared with that found
from the LAPW calculation.

Figure 10 corresponds to figure 8 and shows the DOS ofδ′-Ti2N at the equilibrium
geometry with (solid curve) and without (dotted curve) relaxation of the Ti atoms. The
relaxation reduces the widths of all bands slightly and increases the pseudogap between p
and d bands and also between occupied and unoccupied d-band states. The density of states
at the Fermi level is reduced accordingly.

The DOS of unrelaxedδ′-Ti2N and of unrelaxed ordered TiN0.5 are almost
indistinguishable apart from some slight differences in the relative peak heights.

Comparing the LAPW and FLAPW DOS ofε-Ti2N with the experimental geometry
(figure 11), some trends already observed forδ′-Ti2N are even more pronounced: the p
bandwidth and position remain relatively unchanged but the respective peak maxima are
shifted to slightly higher energies. The most striking difference is a shift of the d band by
1.2 eV and of the Fermi level by 0.5 eV to higher energies. Also, instead of the distinct
double-peak structure of the LAPW d band DOS below the Fermi energy, the FLAPW DOS
in this energy region exhibits one peak with three maxima.

Thus, in the case of the two titanium nitrides, significant differences are found between

† In figures 9–12 the DOS curves are shifted in order to allow them to coincide at the bottom of the N s band.
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Figure 10. The FLAPW DOS ofδ′-Ti2N with (solid curve) and without (dotted curve) relaxation
of the Ti atoms. For the DOS, the same units as in figure 7 are used.

Figure 11. The FLAPW (solid curve) and LAPW (dotted curve) densities of states ofε-Ti2N
with the experimental geometry. For the DOS, the same units as in figure 7 are used.
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Figure 12. The FLAPW DOS ofδ′-Ti2N (solid curve) and that ofε-Ti2N (dotted curve) for the
equilibrium volumes. For the DOS, the same units as in figure 7 are used.

the LAPW and FLAPW band structures and densities of states. As already mentioned, some
of the valence eigenstates have markedly delocalized wave functions and are thus extremely
sensitive to differences in the interstitial potential. A similar effect was found for the highest
occupied eigenstate of the semiconductorβ-FeSi2, with 54% charge outside the muffin-tin
spheres. It was shown that ASW and LMTO-ASA band-structure calculations underestimate
its energy by 0.4 eV with respect to full-potential band-structure calculations [26].

As regards a possible influence of the differences between the LAPW and FLAPW
calculations in basis size andk-mesh used for the Brillouin zone integrations, tests showed
that the FLAPW band structures and densities of states did not change significantly if the
same numbers ofk-points and basis functions as in the LAPW calculation were used.
However, the total energies vary strongly with the numbers ofk-points and basis functions.

Also, a different treatment of the semi-core states—for example, calculating them in the
same energy window as the valence states—did not change the DOS significantly.

If one compares the FLAPW DOS ofδ′-Ti2N (solid curve) and that ofε-Ti2N (dotted
curve) (figure 12), the main difference between the DOS of these two phases is a shift of the
occupied d-band maximum ofε-Ti2N by 0.8 eV to lower energies, indicating more efficient
d–d bonding in the latter phase and thus furnishing an explanation for its higher stability.
The positions of the s and p bands and the general shapes of the bands are roughly the same
for the two phases and, for both of them, the Fermi level lies in a minimum of the DOS.
However, the DOS peaks are slightly narrower for theε-phase.

Recently, XPS spectra of substoichiometric titanium nitrides and carbonitrides were
measured and the densities of states were calculated by means of the self-consistent tight-
binding LMTO method [27]. The samples were prepared by implantation of N ions at the
surface of pure titanium and consisted of cubic nanocrystallites with disordered vacancies
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on the N sublattice sites. The calculations were performed for cubic structures with ordered
vacancies and empty spheres were put in place of the missing nitrogen/carbon atoms.
However, the assumed positions of the vacancies are not given. The relaxation of the
Ti atoms was neglected. The peak positions of the calculated LMTO DOS of Ti4N2�2

agree well with those of the FLAPW DOS ofδ′-Ti2N. However, in the case of the LMTO
calculation, the N s and N p peaks are broader and the pseudogap between the N p and the
Ti d peak is less pronounced. Also, the Fermi level is situated at a small peak of the DOS
and not in a gap. If the DOS calculated by different methods were comparable, this would
indicate thatδ′-Ti2N is stabilized with respect to cubic Ti4N2�2 by its special arrangement
of vacancies and the relaxation of the Ti atoms.

In order to calculate the valence XPS spectrum ofδ′-Ti2N, the partial local DOS were
weighted by energy- andl-dependent photoabsorption cross sections and then superposed
[28]. The calculated spectrum was broadened with a spectrometer function of half-width
1.2 eV [27] in order to simulate the finite resolution of the spectrometer. Finally, lifetime
broadening was introduced by folding the calculated spectrum with a Lorentzian of half-
width δ = 0.35 eV. The photoabsorption cross sections were determined by means of a
multiple-scattering formalism where the final state of the emitted photoelectron is described
by a LEED function [28]. In agreement with Redingeret al [28], the Ti s and p cross
sections are found to be very large. Therefore, Ti s and p states contribute significantly
to the calculated spectrum although the corresponding partial local DOS are only small
components of the density of states. A contribution of similar order of magnitude comes
only from the N s states.

Figure 13. Calculated unbroadened (dotted curve) and broadened (solid curve) valence XPS
spectra ofδ′-Ti2N (below) and the measured valence XPS spectrum ofδ-TiN0.45 [27] (above)
in arbitrary units. The binding energy is given with reference to the Fermi level as energy zero.
For the broadened spectrum, spectrometer broadening (S = 1.2 eV) and lifetime broadening
(W = 0.35 eV) were taken into account.
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Figure 14. The density of states of fictitiousδ′-Ti2C. The same units as in figure 7 are used.
Dotted curve: the tight-binding LMTO DOS for Ti4C2�2 [31].

Figure 13 compares the calculated XPS spectrum ofδ′-Ti2N with the measured spectrum
of δ-TiN0.45 [27]. The sample of this composition was shown to consist of a mixture of
a solidα-Ti(N) solution and ofδ-TiN [29], not of metastableδ′-Ti2N. One can speculate
though that the change of structure would only lead to small energy shifts which cannot be
detected in the spectra because of the large spectrometer broadening of half-width 1.2 eV.
The measured spectrum still contains some background intensity. Taking all of this into
consideration, the agreement between the measured and calculated spectra is good. The
calculated peak positions are situated at slightly lower binding energies than are found by
experiment and the deviations increase with the binding energy of the electrons. Also,
the calculated intensity of the peak just below the Fermi level is too high compared with
experiment. Similar deviations between measured and calculated valence XPS spectra have
been previously reported for titanium nitrides and are commonly ascribed to shortcomings
of density functional theory [28].

3.3. Electron densities

The electron density of a solid is obtained by summing up the contributions of all occu-
pied eigenstates. It is an integral quantity and thus not very sensitive to changes of the
band structure. Indeed, a comparison of the LAPW electron-density plots of [15] and of the
corresponding plots of the present full-potential calculation shows no significant differences.
As an example, the FLAPW p- and d-band electron densities ofδ′-Ti2N in the (010) plane
are presented in the figures 16(b) and 17(b), later. All of the conclusions of [15] derived
from the LAPW electron densities remain valid.
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3.4. Comparison of the electronic structures ofδ′-Ti2N and fictitiousδ′-Ti2C

Ti2C is experimentally found to crystallize not in theδ′-Ti2N structure but in either the
Fd3m or the R3̄m structure which are indistinguishable in powder neutron diffraction.
X-ray diffraction of single crystals TiCx (x = 0.58, 0.63 and 0.67) after long thermal
treatment showed that the latter phase was the stable phase and the former the metastable
phase above 700 K [30]. The coordination of the Ti atoms to the three nearest non-metal
vacancies differs for the nitride and the carbide: forδ′-Ti2N, the vacancies are found in the
x-, −x- andz-directions with respect to the Ti atom at the origin of a Cartesian coordinate
system; for the carbide structures, the vacancies are situated in thex-, y- andz-directions.

In order to find an explanation for the instability ofδ′-Ti2C, FLAPW band-structure
calculations were undertaken for (fictitious)δ′-Ti2C. Its lattice parameters (a = 8.0016 au,
c = 16.939 715 au) were estimated by multiplying the experimental lattice parameters of
δ′-Ti2N with the ratio of the experimental lattice parameters of cubic TiC and TiN.

Figure 14 shows the DOS of fictitiousδ′-Ti2C. The comparison with the DOS ofδ′-Ti2N
shows that, in the carbide, the non-metal s and p bands are shifted to lower binding energies.
In the carbide with one valence electron less than for the nitride, the Fermi level lies in an
unfavourable position, namely just at the peak at the bottom of the d band. For comparison,
the DOS of ordered Ti4C2�2 calculated by means of the tight-binding LMTO method is
also shown (dotted curve) [31]. The differences between the LMTO and the FLAPW DOS
are more pronounced for the carbide than for the nitride. Owing to tails at the bottom of
the two bands, the bands are wider in the case of the LMTO band-structure calculation.
The shift of the LMTO non-metal s and p bands to higher binding energies is also more
pronounced for the carbide.

Figure 15. Calculated unbroadened (dotted curve) and broadened (solid curve) valence XPS
spectra of fictitiousδ′-Ti2C (below) and the measured valence XPS spectrum ofδ-TiC0.49 [31]
(above) in arbitrary units. The binding energy is given with reference to the Fermi level as
energy zero. For the broadened spectrum, only spectrometer broadening (S = 1.2 eV) was
taken into account.
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Figure 15 compares the measured XPS spectrum of TiC0.49 [31] with the calculated
unbroadened (dotted curve) and broadened (solid curve) XPS spectra of fictitiousδ′-Ti2C.
Only spectrometer broadening (S = 1.2 eV [31]) was taken into account. Again, the
calculated high N s, Ti s and Ti p photoabsorption cross sections cause an increase of
intensity for the C s peak and the two peaks at the bottom of the C p band. The calculated
C s and C p peaks are shifted to lower binding energies in the calculation compared
to experiment and, as in the nitride, the intensity of the peak near the Fermi level is
overestimated. Moreover, in the carbide, the calculated p bandwidth of 2 eV is much
narrower than the experimental one of 4.5 eV and the two p-band subpeaks are found at
a distance of 1 instead of 2 eV. Thus, as already ascertained by Guemmazet al [27, 31],
when comparing their calculated LMTO DOS with the measured XPS spectra, the calculated
spectrum of the carbide shows more deviations from experiment than that of the nitride.
One should not forget, however, thatδ′-Ti2C is a hypothetical phase not yet found by
experiment.

Figure 16. (010) sections of the d-band valence electron densities of (a) (fictitious)δ′-Ti2C and
(b) δ′-Ti2N. Contour lines on a linear mesh in units of 0.1e Å−3.

In [15] it was shown that theδ′-Ti2N structure in the (010) plane looks like a set of
ribbons consisting of rows of Ti2N units, whereas these ribbons are only connected by
weak d–dσ -bonds between the Ti atoms octahedrally surrounding the non-metal vacancies.
In figure 16, inspection of the d-band electron-density contour plots ofδ′-Ti2N and δ′-
Ti2C in the (010) plane shows that, for the carbide, these bonds do not exist, because the
corresponding electronic states are situated aboveEF . Hence, the particular arrangement
of the non-metal vacancies in theδ′-structure is not as favourable for the carbide as for
the nitride. The corresponding p-band electron-density contour plots (figure 17) reveal—as
expected—stronger nearest-neighbour p–dσ -bonds for the carbide than for the nitride.
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Figure 17. (010) sections of the p-band valence electron densities of (a) (fictitious)δ′-Ti2C and
(b) δ′-Ti2N. Contour lines on a linear mesh in units of 0.1e Å−3.

4. Conclusions

(1) Significant differences between the LAPW and FLAPW band structures and densities
of states of the two nitrides,ε-Ti2N and δ′-Ti2N, underline the importance of using a full
potential for band-structure calculations of systems with delocalized valence states and an
anisotropic charge distribution in the interstitial region.

(2) In accordance with experiment, theε-phase is found to be more stable than the
δ′-phase by 9 kJ mol−1 because of the stronger Ti–Ti d–d bonds in the former compound
which shift the states at the bottom of the d band to lower energies than inδ′-Ti2N.

(3) In agreement with the neutron diffraction data of Christensenet al [9], the δ′-phase
is stabilized by the relaxation of the Ti atoms in thez-direction towards the nearest N
neighbours. The energy gain by relaxation of 29 kJ mol−1 is very large. A shift of the Ti
atoms in the other direction (towards the vacancies, as deduced by Nagakura and Kusunoki
[8] from XPS spectra) increases the total energy and is therefore not to be expected.

(4) The instability of theδ′-Ti2N structure for Ti2C can be qualitatively explained by the
position of the Fermi level in a DOS maximum and by the non-existence of d–dσ -bonds
between the Ti atoms octahedrally surrounding the vacancies in the carbide.
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