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Energy-band structure of NbC studied with angle-resolved photoelectron spectroscopy
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The (100) face of NbCo 83 has been studied using angle-resolved photoelectron spectroscopy and
synchrotron radiation as the excitation source. The experimental results are compared with the
theoretical energy-band structure calculated for stoichiometric NbC using the linear augmented-
plane-wave method. A good agreement between theory and experiment is found for the main
structures in the experimental spectra. The origin of the experimental features that cannot be ex-
plained by the calculated energy bands is discussed in terms of surface and vacancy-induced
efFects. A resonant enhancement of the emission close to the Fermi energy at photon energies
above the Nb 4p threshold is presented and discussed.

I. INTRODUCTION

The transition-metal nitrides and carbides (TMNC's)
possess many scientifically interesting and technological-
ly important properties. ' On the microscopic level they
display three different types of bonding characteristics:
metallic, ionic, and covalent. This unusual combination
of binding mechanisms manifests itself in their macro-
scopical properties. They exhibit ultrahardness and high
melting points as well as metallic conductivity. These
very useful properties are ultimately determined by the
electronic structure of the material.

Photoelectron spectroscopy in the ultraviolet photon-
energy range (UPS) has proved to be a very powerful
tool to investigate the electronic structure of solids. Its
surface sensitivity and the possibility of doing k-selective
measurements make it very suitable for examining sur-
face reactivity and energy-band dispersions. By utilizing
synchrotron radiation the full capacity of UPS can be
used. The tunability of the radiation allows the disper-
sion of bulk bands to be mapped out, and in normal
emission, surface states can often be sorted out from
those of the bulk, since they are not expected to show
any dispersion with the photon energy. Moreover, the
high degree of polarization of the radiation facilitates
identification of the symmetry of the initial states.

In order to interpret the photoemission data a theoret-
ical description of the electronic structure is required.
Since TMNC s crystallize in the sodium chloride struc-
ture, they are fairly simple to treat theoretically. How-
ever, their tendency to have vacancies in the nonmetal
sublattice complicates the treatment severely, although
during recent years considerable improvements in
describing substoichiometric systems theoretically have
been made. Density-of-states calculations have been per-

formed for various nonmetal-deficient systems of the
TMNC's and very recently it has even become possible
to calculate angle-resolved photoemission spectra for
TMNC's of different composition. '

In the case of NbC several theoretical studies ' have
increased the understanding of the electronic structure.
On the experimental side, there is, however, not so much
information available in the literature. Angle-integrated
photoemission measurements' ' in the UPS as well as
in the XPS regime have been performed and a good
agreement with the theoretical density of states was
found. In the latter work' a vacancy-induced structure
was revealed in the difference spectra for two corn-
pounds of different stoichiometry. However, to our
knowledge, there are no angle-resolved measurements re-
ported for NbC. Angle-resolved photoemission measure-
ments provide, in contrast to their angle-integrated
counterparts, detailed information about the electronic
structure of crystalIine solids; the electron energy levels
can be probed as a function of the wave vector and
different crystal faces can be investigated, or in short,
angle-resolved measurements allow the parts to be
separated from the whole.

In order to examine the electronic structure of the
(100) surface of NbC, we have performed angle-resolved
photoemission experiments in the photon energy range
17—65 eV. The results from a linear augmented-plane-
wave band-structure calculation performed for
stoichiometric NbC are presented and used to analyze
the photoemission data. The calculated band structure
is found to explain three of the experimental peaks, two
of which as due to direct transitions and the third as
arising from a one-dimensional density-of-states effect.
Experimental features that may be due to vacancy- and
surface-induced effects are also reported. At the higher
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photon energies a strong enhancement of the emission
strength at the Fermi energy is observed and its origin is
discussed.

II. EXPERIMENTAL DETAILS

Angle-resolved photoelectron-spectroscopy measure-
ments have been performed utilizing synchrotron radia-
tion on beam line 6.2, at the Daresbury Synchro-
tron Radiation Source, which is equipped with a
toroidal-grating monochromator. The experiments were
carried out in a Vacuum Generators ADES400 photo-
emission system operating at a base pressure of less than
1)& 10 ' Torr. The energy resolution of the monochro-
mator and energy analyzer were in general chosen to be
0.18 and 0.20 eV, respectively, giving a total energy reso-
lution of about 0.3 eV. The hemispherical electron ener-
gy analyzer had an angular resolution of about +2'. A
tungsten grid placed in front of the photoemission sys-
tem allowed for photon-flux normalization by recording
the electron yield from the grid for each photoemission
spectrum.

Single crystals of NbC„were prepared using a vertical
floating-zone technique. ' The composition of the crys-
tals of niobium carbide was determined gravimetrically
by ignition in air at 1100'C of NbC to Nb&05. The
composition of the single crystal used in this investiga-
tion was NbCo 83.

The crystal with orientation (100) was cut by spark
erosion and subsequently polished mechanically. It was
mounted in the photoemission system with the (100) face
perpendicular to the analyzer plane within +2' and was
cleaned in situ by repeated high-temperature flashings to
about 1600'C. The crystal was oriented with the (011)
azimuth in the analyzer plane using low-energy electron
diffraction (LEED). A sharp I XI LEED pattern was
observed. The cleanliness of the surface was checked by
recording photoemission spectra prior to the actual mea-
surements, and no sign of oxygen or other contaminants
could be detected. To maintain a clean surface during
the measurements, high-temperature flashings were per-
formed every eighth hour.

In the experimental spectra presented below, the in-
cidence angle of the radiation, 0;, and the emission angle
of the photoelectrons, O„are given relative to the sur-
face normal. The radiation was incident along the
(011) azimuth of the crystal at an angle 8;. In the
spectra presented below, all energies are given with
respect to the Fermi energy, EF.

suits and the theoretically predicted band dispersions
can be made. In Fig. 1 the band structure of NbC& o is
shown for energies ranging from —14 to 30 eV. To cov-
er the whole energy range of interest, four different ener-
gy regions have been included in the band-structure cal-
culation. The energy parameters E~, used for the radial
wave function inside the atomic spheres, are given in
Table I. In the LAP W method' the energy eigenvalues
are most accurate close to the EI values and as a rule of
thumb the linearization is adequate over an energy range
of about 1 Ry. By combining the energy eigenvalues in
the four different energy regions the resulting band
structure (Fig. 1) was obtained. In the band-structure
calculation, 113 unsymmetrized plane waves were used
and the first 9 spherical harmonics were included in the
expansion of the wave function inside the atomic
spheres. A self-consistent potential with an accuracy
better than 1 mRy was obtained by using 89 plane waves
in the iterations and by calculating the charge density at
ten special k points in the Brillouin zone. ' The wave
functions of both the core and the valence electrons were
recalculated in every iteration cycle and nonspherical
contributions to the potential were approximately ac-
counted for by extending the plane waves into the
muffin-tin spheres. In the calculations, the local-density
functional (LDF) scheme and the Hedin-Lundquist ap-
proximation ' for exchange and correlation have been
used. No effort to account for relativistic effects has
been made, since, although not negligible in the case of
NbC, the difference between nonrelativistic and relativis-
tic energy bands has been shown' to be fairly small.

In Fig. 1 the irreducible representations, to which the
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III. RESULTS AND DISCUSSION

A. Band-structure calculation

In order to interpret the photoemission data, a self-
consistent band-structure calculation for stoichiometric
NbC has been performed using the linear augmented-
plane-wave method (LAPW). ' In the present study the
experimental data allow the dispersion of the occupied
bands (which are not forbidden by symmetry-selection
rules) along the I ~X symmetry line to be mapped out.
Hence a direct comparison between the experimental re-
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FIG. 1. Calculated band structure of NbC I o using the
LAPW method. The symmetry of the calculated bands is indi-
cated along the I ~X symmetry line.
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TABLE I. Energy parameters for the LAPW band-structure
calculation. For given 1 value the radial wave functions inside
the atomic spheres are expanded around the corresponding en-
ergy parameter E~. The energies (in Rydberg units) are given
with respect to the muffin-tin zero (the Fermi energy is located
at 0.866 Ry).

Region

0
1

2
3
4
5
6
7
8

E~ (C sphere)

0.05
0.56
0.67
0.59
0.57
0.54
0.69
0.57
0.55

0
1

2
3
4
5
6
7
8

E~ (Nb sphere)

0.23
1.90
0.60
0.59
0.46
0.53
0.50
0.58
0.52

all E~ ——1.40, except El ——2.00

all Et ——2.40

all Et ——3.40

B. Experimental results and discussion

It is seen from Fig. 1 that along the I ~X symmetry
line the valence band of NbC& o consists of three fully
occupied bands of 6&, hz, and 65 symmetry. However,
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calculated bands belong, are indicated along the I"~X
symmetry line.

at normal emission from the (100) surface of a face-
centered-cubic crystal, it has been shown ' that sym-
metry selection rules forbid initial states of Az symmetry
to be probed. Moreover, initial states of 5, (b.5) symme-
try can only be excited to an allowed, totally symmetric,
final-state band by the perpendicular (parallel) com-
ponent of the electric field vector. By simple geometri-
cal inspection it is easy to see that the ratio between the
perpendicular and the parallel components of the electric
field increases monotonically with increasing incidence
angle of the radiation, 0;.

In Fig. 2 experimenta1 angle-resolved photoemission
energy distribution curves (EDC's) are shown for photon
energies in the range 17—30 eV. The energy-analyzed
electrons are emitted in the normal direction and the in-
cidence angle of the radiation is 8; = 18 in Fig. 2(a) and
0;=45' in Fig. 2(b). For convenience, the five structures
that are observed in the spectra have been labeled in al-
phabetical order from the Fermi energy. In Fig. 3 the
polarization dependence and energy positions of the ex-
perimental peaks are shown in more detail. The two
lowest-lying structures, D and E, are seen to gain rela-
tive strength as the incidence angle of the radiation in-
creases, indicating emission from initial states of 5& sym-
metry. Peak E shows strong dispersion with the photon
energy; at lower photon energies it moves away from the
Fermi energy, exhibits a minimum at about 22 eV, and
then shifts back towards the Fermi energy. It also
shows strong intensity modulations; a pronounced max-
imum of the emission intensity is observed around 22
eV, while it becomes considerably weaker at higher pho-
ton energies. On the contrary, peak D exhibits no
dispersion and gains relative intensity as the energy of
the radiation increases. Around —2 eV two structures
appear in the experimental spectra. The main one, la-
beled B, disperses with photon energy and shows a po-
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FIG. 2. Angle-resolved EDC's from NbC(100) recorded in
the normal-emission direction at various photon energies. The
incidence angle of the radiation is (a) 0; = 18 and (b) (9; =45'.
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FIG. 3. Comparison of angle-resolved normal-emission
EDC's from NbC(100) for 22 eV radiation incident at 8; =18'
and 0; =45 .
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larization dependence that can be associated with initial
states of 65 symmetry. At the larger incidence angle
and photon energies above 21 eV, a weak structure C,
which is located at slightly higher binding energy, can be
resolved. We also note that at photon energies above 22
eV and at an incidence angle of 0;=18' a structure A

appears close to the Fermi energy. It shows no or very
little dispersion with the photon energy and seems to be
excited preferentially by the parallel component of the
electric field.

Since two of the experimental structures show disper-
sion, one is led to associate them with direct transitions
from bulk initial states. In order to confirm this assump-
tion and test the validity of the band-structure calcula-
tion, a comparison between the experimental and
theoretical band dispersions have been performed. In
Fig. 4 the calculated band structure of stoichiometric
NbC along the 6 direction is shown together with the
experimental results. To obtain the position of the ex-
perimental peaks along this symmetry direction, the
direct transition model (i.e., transitions that conserve the
energy and the reduced wave vector are allowed) and the
fact that at normal emission only final states of 6& sym-
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FIG. 4. Comparison between the experimental peak posi-
tions using the direct transition model and the calculated ener-

gy bands along the 5 symmetry direction. The solid circles
represent experimental peaks that can be accounted for by the
calculations, while the open circles indicate the positions of ex-
perimental features that cannot be explained by the calculated
bulk energy-band structure of stoichiometric NbC. In this
analysis only the free-electron-like 6& final-state band, located
between about 12 and 26 eV (see Fig. 1), has been used. For
clarity, this final-state band is shown displaced downwards by
amounts corresponding to photon energies of 17 and 26 eV
(thin solid lines). See text for details.

metry can contribute to the photoemission current have
been used. The solid circles represent the experimental
peaks that can be well explained by the calculated band
structure, while the open circles indicate the positions of
the features in the experimental spectra that cannot be
accounted for by the calculated band structure. For
clarity, the calculated final-state band used in the direct-
transition model is shown displaced downwards by
amounts corresponding to the photon energies 17 and 26
eV. It is seen from Fig. 4 that the flat parts of the b

&

and the 65 bands are well reproduced by the experimen-
tal results. In this region, there is a fairly good agree-
ment between the experimental and theoretical band
dispersions, and the energy positions of the experimental
peaks are, in general, located only a few tenths of an
electron volt (eV) below the calculated bands. However,
the steep part of the 5& band is not reflected by the ex-
perimental results; this discrepancy between the experi-
mental and theoretical band dispersions has been ob-
served earlier on transition-metal nitrides and can
partly be explained by considering the shapes of the
bands that are involved in the direct transitions. At
these photon energies the final-state band has a slope
that is similar to that of the steepest portion of the occu-
pied 6& band. Thus it allows direct transitions to occur
over a wide energy range and consequently the emission
intensity would be smeared out, prohibiting a sharp peak
from being observed in the photoemission spectra. Our
photoemission results support this hypothesis; peak E
exhibits its sharpest structure close to its energy
minimum and becomes considerably broader at higher
photon energies, reflecting that direct transitions from
the steep part of the 5& band start to occur.

Around —3.5 eV, peak D in the experimental spectra
gives rise to a flat band that does not have a counterpart
in the theoretical results. Thus this peak cannot be ac-
counted for by the direct-transition model. Three-
dimensional density-of-states (DOS) eff'ects can also be
ruled out since off-normal spectra show unambiguously
that the energy position of peak D is a function of the
parallel component of the wave vector; see Fig. 5. The
spectra shown in Fig. 5 were recorded at a photon ener-

gy of 42 eV but a similar behavior of peak D was ob-
served in off-normal spectra recorded at 29 eV. The fact
that the energy position of peak D almost coincides with
the flat part of the 6& band near the X point, together
with its strong polarization dependence, leads us to be-
lieve that it is due to a one-dimensional DOS effect, cor-
responding to the flat part of the A~ band near the X
point. Earlier photoemission measurements on nitrides
of transition metals ' have revealed one-
dimensional DOS effects at the Brillouin-zone boundary
of the 6

&
bulk band, and singularities in the one-

dimensional DOS are expected to contribute to the pho-
toemission current if phonon-induced effects are not
negligible.

So far, we have seen that the three main experimental
peaks B, D, and E can be explained satisfactorily by the
calculated band structure of stoichiometric NbC. The
remaining experimental features, however, cannot be ac-
counted for by the calculations. Although peak A ex-
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FIG. 5. Angle-resolved EDC's measured at different emis-
sion angles t9, at a photon energy of hv=42 eV and an in-
cidence angle of 0; =45 .

hibits a polarization dependence that can be associated
with 65 symmetry, it is located in a gap between two
bulk bands of 6& symmetry and moreover it shows very
little dispersion. It is possible that peak A rejects the
6& bulk band that crosses the Fermi energy, but consid-
ering how well the calculated band structure explains the
energy positions of peaks B, D, and E, the discrepancy
between the experimental results for peak A and the
theoretical prediction seems to be too large; the experi-
mental peak positions are located more than 0.6 eV
below the calculated band. Hence there are indications
that this structure can be related to a surface-induced
state. Theoretical studies' of the band structure of NbC
show that the projected surface Brillouin zone (SBZ) of
the (100) face exhibits a band gap near the 1 point along
the X (( 011 ) ) direction. Furthermore, this gap was
shown to vanish at about —,

' of the I -(2)-M symmetry
line of the SBZ. In Fig. 5 the emission-angle dependence
of peak A is illustrated at a photon energy of 42 eV and
t9;=45'. This figure clearly demonstrates that peak A
disappears in the off-normal spectra, in agreement with
the theoretical predictions.

Previous studies on TiN and ZrN have revealed a
surface state split off the 55 bulk band and it is plausible
that the isoelectronic compound NbC would exhibit
similar electronic states. However, in order to verify
that this peak is due to a surface-induced state a more
careful investigation is required, including gas-
adsorption studies and characterization of the state by
theoretical models.

Peak C, on the other hand, gains strength by increas-
ing the incidence angle of the radiation (see Fig. 3) and
thus cannot be explained on the basis of the bulk energy
bands of stoichiometric NbC. However, to this point
the vacancy structure of the crystal has not been con-

sidered. Since 17% of the sites in the carbon sublattice
are unoccupied, one would expect the vacancies to
inhuence the electronic structure of the compound
severely. Experimental and theoretical studies ' on
the electronic structure of substoichiometric compounds
of the refractory carbides and nitrides show that new
states are indeed induced by the presence of vacancies.
Photoemission experiments in the ultraviolet as well as
in the x-ray range have revealed a structure at about 2-
eV binding energy, supporting the theoretical predic-
tions. Angle-resolved measurements on the (100)
face of substoichiometric transition-metal nitrides clearly
show that the vacancy state is dominantly excited by the
normal component of the electric field. All these
findings are in agreement with our experimental results;
a nondispersive structure appears in the photoemission
spectra at around —2.3 eV with an increased intensity at
the larger incidence angle.

The evolution of the experimental EDC's at higher
photon energies is shown in Fig. 6. Again, the incidence
angle is 8; =18' in Fig. 6(a) and 0; =45' in Fig. 6(b).
Five prominent structures are observed in these spectra.
Peak A shows a strong polarization dependence and is
clearly discernible at photon energies below around 40
eV and at 0; =18'. At the higher photon energies, how-
ever, a resonant enhancement of the emission intensity
close to the Fermi energy is observed, prohibiting peak
A from being resolved in the spectra. Peak B is still
more pronounced at the smaller incidence angle and ex-
hibits strong intensity variations with photon energy;
indeed, its emission intensity seems to be closely related
to the resonant enhancement at the Fermi energy. It is
also worth noting that peak C is only visible at the lower
photon energies, partly due to the enhanced strength of
peak B. The two lowest-lying structures, which are be-
lieved to originate from a 6& bulk band, show strong
dependence on the incidence angle also at these energies.
We note that the experimental structures exhibit very lit-
tle dispersion; the reason for this is at least threefold.
Firstly, at these energies there is a lack of suitable final-
state bands of 6& symmetry; the final-state band of near-
ly free-electron character used at the lower photon ener-
gies is not available above 27 eV (see Fig. 1). Secondly,
at higher energies a larger region of reciprocal space will
be sampled by the analyzer, due to its finite acceptance
cone. Thirdly, the resonant enhancement at the Fermi
energy indicates that other processes start to occur.

Resonant photoemission from states just below
the Fermi energy have been observed on TiN and ZrN
in earlier photoemission experiments. ' ' To date,
however, a corresponding resonance for the refractory
carbides has not been reported. In accordance with the
interpretation for the nitrides, the resonant enhancement
is believed to arise from a photon-induced excitation:

Nb 4p 4d +hv~Nb 4p 4d',
followed by the emission of a Nb 4d electron:

Nb 4p 4d ~Nb 4p 4d +e
known as a super-Coster-Kronig decay. Since partial
DOS calculations have shown that the states close to



6348 P. A. P. LINDBERG et al. 36

I l l I 1 1 l 1

NbC (100) (a)
T I 4- 4 1 I

NbC (100) (b)

the Fermi energy mainly originate from Nb 4d states,
photon-induced resonances of this kind would give rise
to an enhanced emission intensity at the Fermi level. In
order to examine the resonance more carefully,
constant-initial-state (CIS) and constant-final-state (CFS)
measurements were performed. During the CIS mea-
surements the diA'erence between the photon energy and
the kinetic energy of the analyzed electrons was kept
constant while scanning the photon energy range of in-
terest. The CFS measurements were performed by keep-
ing the kinetic energy of the analyzed electrons fixed at
3.0 eV, while the photon energy was scanned between 20
and 65 eV. In the present study, the constant parame-
ters were chosen so that the variation with photon ener-

gy of the emission intensity close to the Fermi energy
(CIS curve) and the absorption of the incident radiation
(CFS curve) were measured. In order to normalize out
the variation in photon flux, the yield from the beam
monitor was used as a reference counter during the mea-
surements, and the curves thus obtained were corrected
for variations in the absorption of radiation of the

tungsten monitor grid. In Fig. 7 the resulting CIS and
CFS curves at an incidence angle of 0; =45' are shown.
The binding energy of Nb 4p electrons is also indicated.
A closer examination of Fig. 7 gives the following.
There is a strong resemblance between the CIS and the
CFS curve on the low-energy side, indicating that the
resonance at the Fermi energy is intimately related to
excitation processes involving Nb 4p electrons. The CFS
curve exhibits two pronounced maxima which are not
observed for the CIS curve; in fact the resonance seems
to reflect the first structure in the CFS curve. There is a
delay of about 10 eV between the maximum of the CIS
curve (around 43 eV) and the Nb 4p excitation threshold
(at about 32. 1 and 34.0 eV for Nb 4p3/2 and Nb 4p&&2,
respectively), in agreement with previous results on
transition-metal nitrides. '"' For comparison, a
wide-scan EDC at a photon energy of 58 eV, exhibiting
an Auger peak, has also been inserted. The occurrence
of an Auger peak at energies above the resonance region
shows that there are at least two competitive decay
mechanisms for the excited Nb 4p 4d state. When the
lifetime of the excited electron 4d* becomes comparable
to that of the created 4p core hole, the 4d' electron may
leak out to the continuum before the 4d~4p deexcita-
tion occurs, giving rise to an ordinary Auger decay.
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FIG. 6. Angle-resolved EDC's recorded in the normal-
emission direction at photon energies above hv=30 eV. The
incidence angle of the radiation is (a) 0; = 18 and (b) 6t; =45 .
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FIG. 7. Comparison between a constant-initial-state (CIS)
measurement, corresponding to the variation of the emission
intensity at the Fermi energy, and the absorption of radiation
as a function of the photon energy, represented by the
constant-final-state (CFS) curve. A wide-scan EDC at a pho-
ton energy of hv=58 eV exhibiting an Auger peak is also
shown. The EDC has been shifted arbitrarily so that the width
of the Auger peak and the maximum of the CIS curve can easi-

ly be compared. The Auger peak is believed to be closely re-
lated to the resonance observed at the Fermi energy. The
binding energy of Nb 4p electrons is indicated by the vertical
lines. See text for details.
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Hence the width in energy of the Auger peak and the
resonance should be qualitatively the same, since they
are both determined by the lifetime of the core hole.

All these findings are in agreement with earlier results
on TiN(100), indicating that the character of the reso-
nance is essentially the same for compounds containing
3d and 4d electrons. There are, however, a few
differences that should be pointed out. The width of the
resonance peak in kinetic energy is considerably larger
in the case of NbC, suggesting that the lifetime of the
final state is smaller than for TiN in the resonance ener-

gy region. Furthermore, as was mentioned above, peak
B in the experimental spectra shows a strength that
seems to be connected to the resonance at the Fermi en-
ergy. In Fig. 8 a comparison between the intensity vari-
ation of the structure located around —2.3 eV, which
essentially is due to the emission strength of peak B
[compare Figs. 6(a) and 6(b)], and the resonance at the
Fermi energy is shown as a function of photon energy.
This figure illustrates that the emission intensity of peak
B reproduces the resonance at the Fermi energy fairly
well. Thus the emission strength of peak B is strongly
influenced by the onset of Nb 4p te Nb 4d excitations,
which firmly shows that the occupied 55 band has a
large amount of Nb 4d character.

IV. SUMMARY

Angle-resolved photoemission energy distribution
curves from the (100) surface of NbCQ s3 have been
presented and the normal-emission data have been com-
pared with the results from a band-structure calculation
for stoichiometric NbC along the I ~X symmetry line.
The calculated band structure was found to explain three
of the experimental structures very well. Two of these
showed dispersion and were interpreted as due to direct
transitions from initial bulk energy bands of 6& and 6&
symmetry, respectively. A one-dimensional density-of-
states feature corresponding to the flat part of the 6&
calculated bulk band near the X point was also observed,
in accordance with previous results on similar com-
pounds. In the experimental spectra, three features ap-
peared that could not be accounted for by the calculated
band structure. One of these was associated with the
creation of vacancy-induced states after a comparison
with earlier photoemission results and theoretical predic-
tions. A structure that showed strong intensity modula-
tions with the energy and incidence angle of the radia-
tion was found to be located in a symmetry band gap of
the calculated bulk-band structure. The possibility that
this structure might be due to surface-induced states was
suggested in connection with a discussion of its
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emission-angle dependence and the projected energy-
band structure of the surface Brillouin zone. However,
to confirm this assignment a more-detailed examination
was proposed, since we cannot exclude that this struc-
ture might arise from the 6& bulk band that crosses the
Fermi level, although the difference between the energy
position of the experimental and calculated results seems
to be too large.

At the higher photon energies a resonant enhance-
ment of the emission intensity just below the Fermi ener-
gy was observed in agreement with previous studies on
transition-metal nitrides. The resonance was attributed
to a Nb 4p-to-Nb 4d excitation followed by a super-
Coster-Kronig decay, leading to an enhancement of the
Nb 4d photoemission intensity. Finally, a comparison
between the intensity variation with photon energy of
the two highest-lying structures was made and a striking
similarity was observed, showing that for NbC the occu-
pied 65 bulk band is strongly influenced by the Nb 4d
states.
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FIG. 8. The photon energy dependence of the emission
strength of peak B (solid circles) and the resonant enhancement
at the Fermi energy (solid curve). The curves were recorded at
normal emission and at an incidence angle of 0; =18. The es-
timated uncertainty in determining the emission intensity of
peak B is indicated by the vertical bar. For clarity, the dotted
curve has been magnified by a factor of approximately 6.
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