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Abstract. Valence band structures of TiN and TiC have been calculated by the DV-Xα cluster
method. A chemically complete cluster TiX6Ti12Ti6 (X = N or C) is used to improve termination
of the cluster and electroneutrality of the Ti–N and Ti–C stoichiometric pairs. Density of states
for the valence band, theoretical Ti L3, Ti K and X K x-ray emission spectra for TiN and TiC
are presented and are in good agreement with the experimental ones. Interaction between the
metal and non-metal atoms is discussed. Experimental Ti L3 x-ray emission spectra for TiN and
TiC have also been obtained in the present work, using monochromatized synchrotron radiation.

1. Introduction

Titanium nitride (TiN) and carbide (TiC), classified as refractory metal compounds, possess
an unusual combination of physical properties [1]. Both TiN and TiC are extremely hard,
have very high melting points and exhibit metallic-like electronic conductivity. These
properties make them attractive both fundamentally [2] and technologically [3], and are
closely connected with their electronic structure. Therefore, these compounds arouse
theoretical [4–19] and experimental [19–29] interest, specially for their valence band
structures.

From an experimental standpoint, x-ray spectroscopy is one of the most powerful tools
for elucidating electronic structures of substances [30, 31]. Valence band structure can
be studied with x-ray photoelectron spectra (XPS) and x-ray emission spectra (XES). XPS
reflects density of states (DOS), while XES reflects partial density of states (PDOS). Detailed
information on band structures and chemical bonding can be obtained by combining XPS
and XES. According to the dipole selection rule on the phototransition, the K emission
band reflects p components and the L3 emission band corresponds to s and d components.
Therefore, detailed valence band structures for TiN and TiC will be clarified by combining
the valence band XPS, Ti, L3 XES and Ti Kβ5, non-metal (C or N) Kα spectra.

Many researchers studied the valence band structures of TiN and TiC by XES [19–24]
or XPS [25–29]. It is difficult to reduce electronic structures from L2,3 emission spectra
because of the self-absorption and the Coster–Kronig transitions. Recently, the synchrotron
radiation technique has allowed selection of the excitation energy for the photon-excited
emission spectroscopy. This makes it possible to obtain metal L3 XES for TiN, CaSi2,
CaSi and TiO2, getting rid of the obstacles mentioned above [20, 31, 32]. However, to our
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knowledge, the Ti L3 XES of TiC excited by the synchrotron radiation has not been reported
yet.

On the other hand, the valence band structures of TiN and TiC have been calculated
by various band [4–12] and cluster [13–16] methods. Augmented-plane-wave (APW) band
calculations were performed by several researchers [4–7]. These APW calculations have not
given equivalent results with each other. APW calculations with the LCAO interpolation
scheme done by Neckelet al [7] are evaluated highly in the early works [4–6] because most
of the subsequent experimental works [27–29] showed that their results were comparable
with Neckel’s. Recently, the mixed-basis band structure interpolation scheme (MBBSIS)
[8], the full-potential linear muffin-tin orbital (LMTO) [9, 10] and the charge-self-consistent
LCAO [11] band calculations have been reported. Nevertheless, discrepancies between the
recent results of the band calculations still exist. There are remarkable differences between
them in shape of the DOS and quantity of charge transfer between the constituent atoms.

Compared with the band calculations, cluster calculations of TiN or TiC are relatively
scarce. Gubanovet al [13] have performed MS-Xα calculations on TiC, using a TiC20−

6
cluster. Their theoretical XPS of the valence band was compared with a low-resolution
spectrum. However, their result has appreciable differences from the later experimental
photoelectron spectrum with high resolution [29]. Lowther [14] carried out CNDO/2
calculations on TiC with the molecular orbital scheme, but the density of states disagreed
with the experimental photoelectron spectrum [29].

Up to the present, most of the valence band structure calculations for TiN and
TiC compared only the DOS with the experimental photoelectron spectra of the valence
band. XES for these compounds have been discussed with cluster calculations though
the theoretical spectra were not satisfactory [15–17]. The simplest TiXn−

6 (X = C or N)
model cluster is still used to interpret the origins of the peaks in the XES. Weinberger
[17] interpreted the Ti L3, Ti K and non-metal K XES of these compounds with SW-Xα

calculations. But in the Ti L3 spectrum for TiN, the ratio of the calculated peak intensities
was significantly different from that of the experimental ones. His theoretical spectra could
not explain bands at the highest energy in the N Kα and Ti Kβ5 spectra. Gubanovet al
[16] reported the same discrepancy of the uppermost bands for TiN and they explained that
it could be due to defect structures in the crystal. Weinberger has suggested that the cluster
TiXn−

6 he used might be the origin of discrepancies and larger clusters TiX6Tin−m would be
necessary to clear up the above discrepancies. We consider that some points inherent in the
crystals are missing in the simple TiXn−6 cluster. The TiXn−6 cluster has a sudden change
of bonding environment at the periphery. It causes peculiar charge distribution different
from the actual crystal. Moreover, electroneutrality for the Ti–X pair is not achieved in the
cluster. Earlier than the cluster calculations mentioned above, Neckelet al [18] gave the
local partial DOS histograms to interpret the XES of the same compounds, using APW band
calculations. The uppermost band is seen in the N Kα spectra, but it is indistinguishably
small in the Ti Kβ5 spectra for TiN.

In the present work, in order to provide theoretical spectra of high quality, chemically
complete clusters are employed. These clusters improve the periphery of clusters and the
electroneutrality in the stoichiometric composition of crystals. Furthermore, in order to
make a precise comparison with experimental spectra, Ti L3 XES for TiN and TiC are
measured, using synchrotron radiation. We will show that the present calculations are
in good agreement with the experimental photoelectron spectra and XES. This agreement
encourages us to discuss valence band electronic structures of TiN and TiC and to compare
the covalency of the compounds. In section 2, essential points of the Ti L3 XES measurement
of TiN and TiC will be given. In section 3, the calculation method and the chemically
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complete cluster model will be described. In section 4, comparison of the theoretical spectra
with the experimental ones will be carried out. The total DOS and partial DOSs projected
onto the different atomic components will be presented and the electronic structures will be
discussed.

2. Experiment

The Ti L3 XES for TiN and TiC were obtained at the undulator beamline 8.0 [33] of the
Advanced Light Source in Lawrence Berkeley Laboratory. Emitted photons were detected
at a high-efficiency fluorescence endstation [33] consisting of an ultrahigh vacuum sample
chamber and a grazing incidence concave grating spectrometer which had a fixed entrance
slit and a position sensitive area detector. An entrance slit of 100µm and a ruling of
600 lines mm−1, 10 m radius grating were used for the present measurement. The excitation
energy for Ti L3 XES was changed from 456 eV to 459 eV with a step of 1.0 eV for both
TiN and TiC. The difference between the spectra obtained with this range of the excitation
energy was not appreciable. The specimens were commercially available TiN and TiC
(Soekawa Chemical Co.) with the minimum purity of 99%.

3. Computational method

Computational details of the SCAT code used in the present work to execute the DV-Xα

molecular orbital calculations have been described in [34]. The DV-Xα method is outlined
in the following.

The exchange potential is described as

Vx(r) = −3α[(3/8π)ρ(r)]1/3 (1)

whereρ is the electron density andα is the Slater exchange parameter. The matrix elements
in the secular equation are derived from a weighted sum of integrand values at sample points
[35]. Therefore, difficulties of analytical multicentre integrations are avoided with this
numerical integration procedure. The potential was produced by the sum of contributions
from atomic orbitals. It is more realistic than the muffin-tin potential used in most of the
band calculations. In the SCAT code used, atomic orbitals were numerical solutions for an
atomic-like potential and obtained at an initial stage of each iteration for the self-consistent
procedures.

A chemically complete cluster method has been proposed in [36]. In the present work, a
variant with some different points [37, 38] was implemented. A diagram for the chemically
complete cluster is shown in figure 1. The central atoms were chemically complete atoms.
The neighbouring atoms had the potentials duplicated from those of the corresponding
central atoms. As a result of the duplication of the potentials and the self-consistent
procedures, the central atoms were put into an equivalent for the environment in the crystal.
This cluster consisting of the chemically complete atoms and the neighbouring atoms was
embedded in surrounding potentials which were duplicated from the potentials of the central
atoms. Pseudopotentials were placed upon these potentials so that the wave functions of
the embedded cluster feel the exclusive character of the wave functions of the surrounding
atoms. The electroneutrality of the Ti–X stoichiometric pair was achieved by varying the
depth of the pseudopotentials. This procedure was taken to compensate for the change
of the chemical potential of electrons at the ends of the embedded cluster. Electrostatic
potential due to ions in a compound is calculated with direct summation of the Coulomb
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Figure 1. Diagram for chemically complete cluster model.

potential of point charges by the Coker method [39, 40] though the electrostatic potential
was unnecessary for the present metallic compounds.

The model cluster TiX6Ti12Ti6 for TiN and TiC used in the present calculations is
shown in figure 2. The atom at the centre was a Ti atom and the cluster was extended
to the second and third nearest neighbour Ti atoms, Ti12Ti6, so that the X6 atoms were
thoroughly surrounded by the nearest neighbour Ti atoms. This cluster with Oh symmetry
was embedded in 56 surrounding potentials of the X atoms. Atomic orbitals of Ti 1s–4p
and X 1s–2p were used as the basis functions. The TiX has the rock salt structure. The
Ti–N and Ti–C distances were taken to be 2.1175 and 2.1593Å, respectively [41]. In all
the calculations, the Slater exchange parameter was chosen to be 0.7 [34].

X-ray emission probabilityIj in the dipole approximation is written as [42]

Ij ∝ E3
j D

2
j (2)

whereEj is the transition energy of an electron from thej th MO to the hole in the inner
shell andDj is the dipole matrix element:

Dj = 〈ϕh|r|ϕj 〉 (3)

whereϕh is the wave function of the inner shell hole,r is the position vector andϕj is the
wave function of thej th MO. In the present work, the emission intensity was estimated with
a software called SXS [43] with improved precision of integration [44]. The wave functions
in the ground state were used. Intensities for three kinds of Ti atom in the cluster were
summed up to evaluate all the forms of the wavefunctions in the cluster. This summation
corresponds to collecting all the momenta of the wavefunctions. To generate the theoretical
spectra, a Lorentzian curve was placed at each eigenenergy. Its height was proportional to
the intensity and its width was 3.0 eV (FWHM) for all the present XES. The DOS was
derived from the MO levels replaced with Lorentzian curves with the peak width (FWHM)
of 1.0 eV.
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Figure 2. TiX 6Ti12Ti6 cluster for TiX (X= N or C).

4. Results and discussion

4.1. Valence band XPS and XES

The theoretical DOS and XES obtained are compared with the experimental spectra and the
relation among the spectra is illustrated in the present section. The theoretical valence DOS
and XES for TiN are plotted in figure 3 and the experimental spectra are in figure 4. The
spectra for TiC are in figures 5 and 6. The theoretical spectra are arranged according to the
energy of the ground state.

As stated in section 3, the chemically complete cluster TiX6Ti12Ti6 (X = C or N)
was used to calculate the valence band structures for stoichiometric TiN and TiC. The
crystallographically equivalent sites and the electroneutrality are taken into consideration to
obtain the crystal environment, which is achieved with the chemically complete clusters.
However, the cluster TiX6Ti12Ti6 does not have the atomic ratio of TiX. In order to derive
the DOS for TiX, we used the components for the TiX6Ti4Ti composition instead of the
TiX 6Ti12Ti6 cluster. The components of the second and third Ti atoms in the TiX6Ti12Ti6
cluster are divided by three and six, respectively, to derive the TiX6Ti4Ti composition.
These dividing factors come from the number of nearest atoms neighbouring the second
and third Ti atoms in the cluster. The second and third Ti atoms have only two and one
adjacent X atoms, respectively, though the atoms in the crystal have six neighbours. This
is only one of the ways to obtain the stoichiometric composition from the cluster and was
found to be satisfactory for the present discussion. The components of the chemically
incomplete part Ti4Ti were corrected on the basis of the component ratio among Ti 3d, X
2s and 2p for the chemically complete TiX atoms.

For comparison, the experimental valence photoelectron spectra [29] with the excitation
energy 190 eV and Ti L3, Ti K and non-metal K XES [17] for TiN and TiC are shown in
figures 4 and 6, respectively. The Ti L3 XES for TiN and TiC were measured in the present
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Figure 3. Theoretical DOS and XES for TiN.
Theoretical Ti L3, Ti K and N K are aligned with a
energy scale of the ground state.

Figure 4. Experimental photoelectron spectra [29], Ti
L3, Ti K and N K XES [17] for TiN. See the text for
the energy alignment of the different spectra.

work for the excitation energies of 458 and 456 eV, respectively. These excitation energies
are lower than the 2p1/2 ionization energy for TiN and TiC so that they give the clear Ti
L3 spectra which result from the transition from the valence band to the 2p3/2 hole of the
Ti atoms. Although the measured Ti L3 XES for TiN is quite similar to that measured by
Rubenssonet al [20], there is a difference in the peak intensity at the highest energy. This
peak in the present Ti L3 emission spectrum is slightly higher than that of Rubensson.

The Ti L3, Ti K and non-metal K spectra were arranged, referring to the Ti 2p3/2, Ti
1s and non-metal 1s ionization energies for TiN and TiC [26, 45, 46]. The x-ray emission
energy is expressed as

EXE = −{E(V0C1)− E(V1C0)} (4)

whereE(V1C0) is the total energy in the initial state with a hole in an inner-shell level C
andE(V0C1) is the total energy after the electron transition from a valence level V to the
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Figure 5. Theoretical DOS and XES for TiC.
Theoretical Ti L3, Ti K and C K are aligned with a
energy scale of the ground state.

Figure 6. Experimental photoelectron spectra [29], Ti
L3, Ti K and C K XES [17] for TiC. See the text for
the energy alignment of the different spectra.

inner-shell C. The ionization energyEI for the inner-shell level is written as

EI = E(V1C0)− E(V1C1) (5)

whereE(V1C1) is the energy for the ground state andE(V1C0) is the energy after the
ionization from the inner-shell level C. Therefore, we have

EI − EXE = E(V0C1)− E(V1C1). (6)

The right-hand side of this equation means the ionization energy for the valence level.
Consequently, we arrange the different XES on the basis of equation (6). The origin of
the energy is the Fermi energy, which arises from the ionization energy measurement for
solids.
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The total DOS for TiN (figure 3) shows good agreement with the experimental
photoelectron spectrum (figure 4). Neckel’s [7] and Ahuja’s [10] results are similar to
ours. The theoretical results reproduce all the three bands in the experimental spectrum.
The energy difference between the band B and band C is in very good agreement with that
in the experimental one. Band A is, however, located about 1 eV higher in the theoretical
spectrum than observed experimentally. This narrow interval between N 2s and 2p is found
even in the atomic calculations with the local density functionals. The height of the band C
is larger in the experimental spectrum than in the theoretical one. Photoelectron intensity
calculations are necessary to discuss it in detail.

For TiN, the theoretical XES in figure 3 also agree well in shape and position with
the experimental spectra of the Ti L3, Ti K and N K XES shown in figure 4. The present
theoretical spectra have the uppermost peaks marked with KβI5 and KI in the Ti K and N
K XES, which could not be explained with the simplest cluster TiXn−

6 calculations [16, 17].
The calculated peak intensities for Ti L3, Ti K and N K are also in good agreement with
the corresponding experimental ones.

For TiC, general features and agreement with the experimental spectra are similar to
those for TiN. The total DOS, theoretical Ti L3, Ti K and C K XES were summarized in
figure 5, compared with the experimental spectra shown in figure 6. All the features in the
experimental spectra are observed in the theoretical ones. In contrast to TiN which shows
the separate bands B and C, the two bands of TiC are so close that the highest energy
structures in XES are not observed clearly.

Figures 3 to 6 for TiN and TiC also reveal consistency of the peak positions among
the spectra. We can make definite conclusions about the peak positions projected onto
the different spectra and thus obtain the details of the valence bands of these compounds.
The peak positions in the experimental spectra for TiN are consistent with each other in
figure 4 and the correlation among the theoretical spectra in figure 3 confirms that among
the experimental ones. As for TiC, consistency is obtained except for the experimental Ti
L3 XES shown in figure 6. It resides about 0.5 eV lower than the corresponding peak in
the other spectra. This discrepancy can be attributed to a measurement error of the absolute
energy in the Ti L3 XES or the ionization energy.

The present DOS for TiN and TiC are comparable to those of Neckelet al [7].
Concerning the XES, the present work has drawn the direct and clear conclusions in
respect of the intensity evaluation and the uppermost peaks Ti KβI5 and N KI . Neckel
et al showed the partial DOS histograms to interpret the XES [18] and Ti KβI5 was not
distinct. Furthermore, in the present work, the clear correlations among the spectra are
demonstrated.

4.2. Valence band structure

The DOS and partial DOSs projected onto the orbital components shown in figure 7 give
information about the valence band structure of TiN. Three bands symbolized A, B and C
are observed in the valence band. The bands B and C are separate subbands but merge with
each other. The lowest energy band A is formed mainly from the N 2s states with a little
admixture of the Ti states. The next subband B is situated 10 eV above the band A. This
subband originates from the main N 2p states and contains also a significant contribution of
the Ti 3d states. Finally, the subband C includes mainly the Ti 3d states but exhibits also
a small amount of the N 2p states. These descriptions of the valence band structure agree
with those of other calculations [7, 10]. The Ti s and p states also contribute to the valence
band to a limited extent.
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Figure 7. Total and partial DOS for TiN. Each partial DOS is marked with its atomic orbital
component.

The total DOS and partial DOSs for TiC are shown in figure 8. These DOSs are similar
to that for TiN. This is not surprising when one takes account of the close chemical and
structural relation between these compounds. It is a main difference that the bands B and
C are closer in TiC than in TiN. This difference is connected with an atomic property. The
larger electronegativity of the N atom means a lower 2p level in TiN than in TiC, Therefore,
the gap between the non-metal 2p and Ti 3d levels is larger in TiN than in TiC.

In order to discuss covalency of the TiX compounds, the X 2p band is analysed,
where the Ti components mean the covalency contributions of Ti. The atomic orbital
populations in the valence 2p bands are summarized in table 1. It is clearly observed
that the metal components are considerably mixed into the non-metal 2p bands of the
TiC and TiN compounds. The Ti 3d states contributing to the valence 2p bands in TiC
and TiN are twice as large as those in TiO2 [47] which is an insulator with an ionic
property. In addition, the Ti 4s and 4p states in the valence 2p bands are also much
larger due to the metallic property. These Ti 4s and 4p contributions were experimentally
revealed by Didziuliset al [26], who observed resonant effects in the photoelectron
spectroscopy of TiC and TiN and concluded that the participations of the Ti 4s and
4p components were significant in the valence bands. The present results support their
conclusion. The comparable amounts of Ti 3d, 4s and 4p to that of non-metal 2p indicate
that stronger interaction between the metal and non-metal atoms occurs in TiN and TiC
than in TiO2. This strong interaction may produce the extreme hardness of TiN and
TiC.
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Figure 8. Total and partial DOS for TiC. Each partial DOS is marked with its atomic orbital
component.

Table 1. Atomic orbital populations in valence 2p band.

Metal Non-metal

3d 4s 4p 2s 2p

TiC 1.58 1.00 0.66 0.06 2.70
TiN 1.36 0.64 0.54 0.00 3.44
TiO2

a 0.64 −0.12 −0.16 0.00 5.62

a Computational features are described in [47].

Table 1 shows that the Ti 3d contribution as well as Ti 4s, 4p decreases in the order
of TiC, TiN and TiO2. This indicates that the covalency due to the interaction between the
non-metal and metal atoms decreases in this order. Kim and Williams [8] analysed the DOS
and showed that the d-like components in the non-metal 2p band decreased in the order
of TiC, TiN and TiO. Performing APW calculations, Blaha and Schwarz [12] compared
spatial distributions of the electron density of these compounds and found that the densities
around the non-metal atoms became localized in the series of the TiC, TiN and TiO. The
present work has clarified the same tendency of the covalency as these earlier results. This
tendency is consistent with the above-mentioned wider gap between the Ti 3d and non-metal
2p bands for TiN than for TiC. The present results, however, do not support a conclusion
based on x-ray diffraction [48] or analysis of x-ray emission spectra [21], which exhibited
the opposite tendency of the covalency of TiN and TiC.
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5. Conclusion

In the present work, we have performed the DV-Xα calculations to clarify the valence
band structures for TiN and TiC with the chemically complete clusters, which improve
the termination of the cluster and the electroneutrality in the TiN and TiC stoichiometric
compositions. The density of states for the valence band, theoretical Ti L3, Ti K and non-
metal K XES for TiN and TiC are obtained and are in good agreement with the experimental
ones. Both of the theoretical spectra and the aligned experimental ones have consistently
revealed the peak correlation among the spectra. The present results have demonstrated
the uppermost bands in the N Kα and Ti Kβ5 spectra for TiN, though the earlier cluster
calculations [16, 17] could not derive them and one of them was not clear in the partial
DOS with the band calculation [18].

The DOS results reveal strong metal 3d–non-metal 2p interaction in these compounds
and this interaction decreases from TiC to TiN. In order to avoid the effects of the self-
absorption and the Coster–Kronig transitions of the Ti L2,3 XES and make a precise
comparison with experimental spectra, experimental Ti L3 x-ray emission spectra for TiN
and TiC are obtained, using monochromatized synchrotron radiation.
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