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The valence-band structure of single crystals of titanium carbide (TiC) and titanium nitride (TiN) have
been studied with angle-integrated photoelectron spectroscopy using Hei, Hen, and synchrotron radiation
for excitation. The results are compared with the partial densities of states derived from an augmented-plane-
wave band-structure calculation. Peak positions and widths agree fairly well, but the observed intensity
modulations with photon energy cannot be interpreted by such a comparison.

INTRODUCTION

The exceptional combination of physical proper-
ties displayed by transition-metal carbides and
nitrides is closely connected with their electronic
band structure. These compounds have, therefore,
been a subject of special interest theoretically,
particularly with regard to their electronic struc-
ture.’"® The most intensively studied compound
among these is TiC, which has been closely ex-
amined both theoretically*™'! and experimental-
ly.%™®%12-16 The controversy between the earliest
linear-combination-of-atomic-orbitals (LCAO)®
and augmented-plane-wave (APW)% 2 calculations
regarding the direction of charge transfer and the
location of the C2s band has been resolved. The
most recent experimental results® ™27 all es-
sentially confirm the results of the APW calcula-
tions, which predict electron charge transfer from
titanium to carbon. They also locate the C2s band
at about 11 eV below the Fermi level, with the
result that the C2s band is well separated from
the band caused by hybridization between C2p
and Ti3d states, which extends down to about 7 eV
below the Fermi level.

To date the most detailed experimental valence-
band information (highest energy resolution) has
been obtained using x-ray*'**% and uv (Ref. 13)
photoelectron spectroscopy (XPS and UPS). Com-
parisons between XPS valence-band spectra and
calculated density of states (DOS), which has been
convoluted with the instrumental response func-
tion, have yielded very satisfactory results for
the relative positions of the valence-band
peaks.®%%!1 The intensities are more difficult
to interpret,® however, because of effects of the
surface, transition matrix elements and uncer-
tainties in the final-state approximation. In order
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to supply new, detailed experimental information
about the valence-band structure of TiC and TiN
we have performed a photoemission experiment
using synchrotron radiation supplemented with
Heland He II radiation. For both TiC and TiN,
the hybridization band consists of 3d and 2p states.
Therefore, even though the photoionization cross
section of these states changes substantially over
the photon energy range used (21-190 eV), no
dramatic changes in the valence-band spectra
are expected since neither state exhibits a so-
called Cooper minimum in the eross section.

Thus one cannot hope to directly disentangle the
contribution of the two different states in these
cases. The present results, in particular the
evolution of the valence-band spectra with photon
energy, will hopefully serve as input data for
future interpretations of peak intensities, which
take into account the roles of the various effects
mentioned above. For TiN a comparison between
the calculated DOS and high-resolution, valence-
band photoelectron spectra is made for the first
time.

EXPERIMENTAL
Preparation of single crystals

Single crystals of TiC were made using a vertical
floating-zone technique!” and the procedure pre-
viously described.’® The starting materials for
the crystal growth experiments were hot-pressed
rods which, prior to the zone melting, had the
composition Ti: 77.7, C: 18.62, O: 0.04, N:
0.89, W: 2.5, Fe: 0.023, Co: 0.003 at.%. All
numbers indicate weight %, and are the results
of a chemical analysis performed by the supplier
(Dr. B. O. Haglund, Sandvik AB, Stockholm, Swe-
den). After zone melting, the single crystals of
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TiC had the composition T1i; 43 Cy,¢, according

to a neutron-diffraction determination of the struc-
ture and composition.!®* The composition of this
specimen is thus stoichiometric within experi-
mental errors.

Single crystals of TiN could not be obtained by
the technique used for TiC. A new technique was
developed to prepare TiN from titanium and nitro-
gen with crystal growth occurring in a single op-
eration. This was achieved using a zone-anneal-
ing technique. In zone annealing, the sample is
heated to a temperature below the melting point
of the material. The starting materials for the
crystal-growth experiments were bars of titanium
(approximately 150 mm long and 6. mm in diam-
eter) of nominal purity 99.9%, and nitrogen gas of
the nominal purity 99.99%. The crystals were
grown at a nitrogen gas pressure of up to 2 MPa
in the same crystal-growth furnace as used for
TiC. Before each growth experiment, the furnace
was evacuated three times to a vacuum<1 Pa be-
fore the final ambient gas pressure was adjusted.
The specimens were held vertically in holders of
boron nitride and travelled downwards relative to
the heating coil. The growth rate, defined as the
travel speed of the specimen, was in the range 2
to 9 mmh™. The temperature of the heated zone
was approximately 2600 °C.

By using the zone-annealing technique specimens
with large single-crystal grains of TiN were ob-
tained. The composition of the specimens was
determined by gravimetrical analysis. TiN was
converted quantitatively to TiO, by ignition in air
at 1000 °C. The samples were placed in Pt cruci-
bles and kept in an electric furnace for approxi-
mately 1 h. The composition of the samples inves-
tigated was TiN, . In the following discussion
the formula TiN is used for this nonstoichiometric
specimen.

Disks were cut from the specimens of TiC and
TiN using a spark erosion technique. The crystals
were aligned along crystallographic directions to
better than +0.5° using the Laue back-reflection
technique and disks were cut parallel to the (100),
(110), and (111) planes. The misalignment of the
crystal surfaces studied relative to the crystallo-
graphic directions was less than 2°. The Laue
pattern did not indicate the presence of any powder
in the samples used in these experimenta. The
crystals were polished and rinsed in ethanol before
being mounted in the photoemission apparatus.
For the studies presented below, one TiC (110)
crystal and one TiN (100) crystal were used.

Experimental procedure

In situ cleaning of the crystal surfaces was a
crucial step in performing these studies, since

even small amounts of a residual surface contam-
inant, such as oxygen would interfere severely
when using low-energy photons. When using x
rays one is not particularly sensitive to oxygen
adsorbed on the sample surface as has been dem-
onstrated in previous XPS studies of the valence-
band structure of TiC.*!2 This is because the
electron escape depth is considerably larger for
energies in the 1.0-1.5 keV range than in the 40-
200 eV range.!® In addition, the O2p/Ti3d photo-
ionization cross section ratio is smaller at the
high photon energies.®® Consequently, a cleaning
procedure more effective than any previously re-
ported had to be accomplished.

Since high-temperature flashings in situ had
been found effective against some surface contam-
inants on a WC crystal,® this technique was
adopted for TiC and TiN as well. It is a method
that does not seem to produce undesirable changes
in surface composition and structure as may be
the case when utilizing ion bombardment or scrap-
ing techniques. The experimental chamber used
had a base pressure of <1.0x 10"® Pa. After out-
gassing and repeated flashings at increasing
temperatures, the final flashings (5~10 sec) could
be done while keeping the pressure on the 10®
Pa scale. The cleanliness of the samples was
checked with Auger electron spectroscopy (AES).
It was found that flashings to about 1700 °C for
TiC, and to about 1400 °C for TiN, were necessary
to drive off residual sulphur and oxygen. AES
spectra of our best efforts to clean the TiC and
TiN crystals are shown in Fig. 1. The carbide C
KLL Auger peak (around 270 eV) and the Ti LMM
peaks (between about 350-450 eV) characterize
the TiC spectrum. No sulphur or oxygen peaks are
discernible but a weak W signal is seen around
180 eV. In the TiN spectrum the NKLL and Ti
LMM signals overlap each other. In this case a
very weak oxygen signal remained, as seen around
510 eV, but this amount was sufficiently small
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FIG. 1. AES spectra of clean TiC and TiN crystals
obtained using a 2-keV electron beam for excitation.
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so that no O 2p peak appeared and interfered in the
photoemission results. The crystal structure was
checked after the cleaning procedure and the crys-
tals were found to produce very good LEED pat-
terns.

Photoemission measurements were performed
using monochromatized Hel (21.2 eV) and Hell
(40.8 eV) radiation® and synchrotron radiation
from the 4° branch line®® of Beam Line I at the
Stanford Synchrotron Radiation Laboratory. The
emitted electrons were energy analyzed in a dou-
ble-pass cylindrical mirror analyzer. The anal-
yzer was operated in the retarding® mode and at
an energy resolution of 0.40 eV. The analyzer was
located so its optical axis was lying in the inci-
dence plane of the linearly polarized synchrotron
radiation but at an angle of 75° relative to the in-
cidence direction. The samples were positioned
so that the surface normal coincided (within a
few degrees) with the optical axis of the analyzer.
Thus, the results presented below represent angle-
integrated data, integrated over polar angles be-
tween 36° and 48°. The midpoint of the Fermi edge
has been used as the reference level in all spec-
tra.

RESULTS AND DISCUSSION

Valence-band spectra of TiC induced by Hel and
Hell radiation are shown in Fig. 2. The struc-
ture observed between 0 and 7 eV below the Fermi
level (Ey) arises from hybridized Ti3d and C2p
states. Maximum intensity is obtained at 2.9 eV
below Er and the shoulder on the high binding-ener-
gy side appears around 5 eV. In the Hell spec-
trum a broad peak around 11 eV below Ep is also
observed which originates from C2s states. The
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FIG. 2. Valence-band spectra of TiC induced by He1
and He 11 radiation.

Hel spectrum closely reproduces previously pub-
lished results,'® but our HeIl spectrum looks dis-
tinctly different. This is most probably due to the
fact that a more effective cleaning procedure was
employed in our case and that we could monitor
the surface cleanliness to make sure that no con-
taminants, such as oxygen or sulphur, remained
on the surface. It should be pointed out that the
photoemission technique is extremely surface
sensitive in the 40-150 eV energy range, since
the electron escape depth exhibits a minimum in
this range.'® The apparently large number of sec-
ondary electrons obtained in the spectra is mainly
due to the transmission properties of the cylindric-
al mirror analyzer since its efficiency varies as
EZ/E,;, when operated in the retarding mode* (E,
is the pass energy of the analyzer and E,,, is the
kinetic energy of the analyzed electron).
Valence-band spectra of TiN induced by Hel and
Hell radiation are shown in Fig. 3. In this case,
structures interpreted as arising from hybridized
Ti3d and N2p states are observed down to a bind-
ing energy of about 9 eV. A distinet peak appears
just below E; and a minimum is observed around
2.5 eV. The most intense structure, lying be-
tween 2.5 and 9 eV, exhibits a maximum at 5.0 eV
below E, and a shoulder at a binding energy of
about 7 eV. Inthe Hell spectrum, a broad struc-
ture around 16 eV is also observed, which we
interpret as originating from N 2s states.
Synchrotron radiation induced valence-band
spectra of TiC and TiN are shown in Figs. 4 and 5,
together with the partial densities of states cal-
culated by an LCAO interpolation scheme on a
self-consistent APW band-structure calculation.®
For the recorded spectra, the relative photon flux
and the analyzer efficiency have been normalized
out so the intensities are shown in relative units.
By including the multiplication factor given for
each curve the “true relative” intensity variation
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FIG. 3. Valence-band spectra of TiN induced by He1
and He 11 radiation.
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FIG. 4. Valence-band spectra of TiC induced by syn-
chrotron radiation. The spectra have been normalized
with respect to variations in incident photon flux and
energy analyzer transmission efficiency. Also shown
are calculated partial densities of states (Ref. 1).
Dotted curve, DOS of C 2s; dashed curve, DOS of C 2p;
solid curve, DOS of Ti3d.

with photon energy is shown. Therefore Figs. 4
and 5 illustrate directly how the valence-band
spectra of TiC and TiN evolve with photon energy.

Let us first discuss the TiC spectra in Fig. 4.
The strongest effect observed in the valence-band
spectrum upon increasing the photon energy from
70 to 190 eV is seen to be an increase in the rela-
tive strength of the C2s peak, located about 11 eV
below E,. This is exactly what was expected based
on previous XPS (Refs. 4, 12, 13) and UPS (Ref.
13) results on TiC as well as on the calculated
energy dependence of the atomic photoionization
cross section for C2s states compared to Ti3d
and C2p states.? The effects on the structure
arising from hybridized Ti3d and C2p states is
not so clear cut, however. The general shape of
this structure remains constant but some intensity
modulations of particular spectral features are
seen to occur in the photon energy range 70-130
eV. The Fermi edge shoulder is more pronounced
in the 70-eV spectrum than for the other photon
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FIG. 5. Valence-band spectra of TiN induced by syn-
chrotron radiation. The spectra have been normalized
with respect to variations in incident photon flux and
energy analyzer transmission efficiency. Also shown
are calculated partial densities of states (Ref. 1).
Dotted curve, DOS of N2s; dashed curve, DOS of N2p;
solid curve, DOS of Ti3d.

energies and the peak maximum is most prominant
in the 90-eV spectrum.

In comparing the experimental results with the cal-
culated partial densities of states,' one finds that the
calculation gives a good prediction of the locations of
the peak maxima at3.0 (+0.2) eVand 11.2 (x0.3) eV,
as well as of the width of the structure arising from
the hybridized C2p, Ti 3d bands (<7 eV). Cluster
calculations using MO (molecular orbital) methods
have shown a similarly good agreement in the
positions of spectral details for TiC (and ZrC)
valence bands when XPS spectra are compared with
the calculated total density of states.!®° In Fig. 4,
the C2p (dashed curve) and Ti3d (solid curve)
partial densities of states are seen to overlap
each other completely and are moreover seen to
have essentially the same shape. This prevents
any simple interpretation of the observed intensity
modulations based on the different energy depen-
dence of 2p and 3d photoionization cross sections.
Thus a rigorous theoretical analysis accounting



1036 JOHANSSON, STEFAN, S‘HEK, AND CHRISTENSEN 22

for the effects of transition matrix elements and
final states seems necessary for an interpretation
of the intensity modulations within the hybridiza-
tion band.

One thing to notice about the spectra presented
in Figs. 4 and 5 is that the overall energy resolu-
tion decreases slightly at the higher photon ener-
gies. The halfwidth of the monochromatic radiation
is given (in eV) by AE =8 X107® (hv)? when a 1200
lines/mm grating is used.?® This means that inour
case the radiation starts to make a non-negligible
contribution to the total observed broadening at
the higher photon energies. The resolution of the
electron analyzer was kept constant at 0.40 eV
throughout the measurements.

Comparison between the experimental and cal-
culated results for TiN (Fig. 5) leads to several
important observations. First, the calculated re-
sults predict the following features of the hybri-
dized band rather well: (1) a double-peaked val-
ence band with a minimum around 2.5 eV below
Ey; (2) abandwidth of 9 eV; and (3) a peak and a
shoulder located at 5.3 (+0.3) eV and around 7 eV,
respectively. Regarding the N2s level, however,
the calculation locates it at a binding energy that
is about 1 eV smaller than what is obtained experi-
mentally, 16.4 (£0.3) eV. The changes seen in
the TiN valence-band spectra, upon increasing
the photon energy from 70 to 190 eV, are essen-
tially similar to those observed for TiC. As is
the case for C2s, the relative strength of the N2s
peak increases with increasing photon energy. But
in comparison with TiC, stronger intensity mod-
ulations within the hybridization band are observed
between 70-150 eV. In this case the N2p (dashed
curve)and Ti3d (full curve)densities of states have
different shapes (see Fig.5) which lead us to assume
that the structure observed just below the Fermi
levelisderived from Ti3d states. A maximum in the
N 2p photoionization cross section around 90 eV
would then explain the modulations seen between
70 and 110 eV. However, an anomaly appears in
the 130-eV spectrum in which the structure clos-
est to the Fermi level, and assigned to Ti3d
states, has a peak intensity comparable to that of
the structure between 2.5 and 9 eV below E,. The
energy level diagram of TiN is such that enhance-
ment effects due to 3p — 3d absorption transitions
are excluded.?® Therefore other explanations must
be sought. An obvious one is that we have dis-
cussed the spectra only in terms of initial densi-
ties of states. Constant transition matrix ele-
ments and a complete angle averaging have impli-
citly been assumed. For the photon energies
used, however, this is a poor assumption, since
significant effects due to matrix elements and the
final-state band structure may occur.?” We are,
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FIG. 6. Partial electron yield spectra of TiC and TiN
over the Ti L-absorption region.

moreover, only integrating over polar angles
between about 36° and 48°. Since no band-struc-
ture calculation has been carried out to such high
energies and the experimental time available to
us did not allow a closer examination of how the
band structure of TiN evolves for photon energies
between 110-150 eV, we cannot, at present, pro-
vide an interpretation of the 130-eV spectrum.

The observed width of the 2s band is significantly
broader both for TiC and TiN than that predicted.
Full widths of about 5 eV and 6 eV are obtained for
TiC and TiN, respectively, while the calculated
bandwidths are 3.3 and 2.4 eV, respectively.® The
same observation has previously been made in
XPS spectra of carbides and was suggested to be
due to lifetime broadening.*®

We also studied the absorption coefficient near
the L 11y edges utilizing the partial electron yield
technique.® The results are shown in Fig. 6. A
pronounced peak, split into a doublet, is observed
just above threshold. The splitting is about 5 eV
and is in fair agreement with the spin-orbit split-
ting of 6.0 eV observed between the 2p;,,-2p, ,,
levels in XPS spectra of TiC.'? The “white line”
character of the absorption coefficient near the
Ly 1y; thresholds has previously been investigated
for Ti metal® and can be understood also for TiC
and TiN in terms of a high density of empty d-de-
rived states immediately above E,. What signi-
ficance can be attributed to the small shift in peak
positions between TiC and TiN (~0.5 eV) is not
clear, due to the strong perturbation by the con-
duction electrons of the hole states near thresh-
old, as pointed out in previous work.?®

In summary, our experimental results have giv-
en new detailed information about the band struc-
ture of TiC and TiN, and how the valence-band
spectra evolve with photon energy. A comparison
to calculated partial densities of states explains
the origin of the observed spectral features and
the agreement in peak positions and widths is fair-
ly good. To interpret the observed intensity mod-



22 VALENCE-BAND STRUCTURE OF TiC AND TiN

ulations within the hybridized 2p, 3d bands, how-
ever, a rigorous theoretical analysis seems nec-
essary. For gaining further insight into the de-
tailed band structure of these compounds, an
angle-resolved photoemission study is desirable.
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