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Angle-resolved photoemission study of the (100) surface of substoichiometric TiN:
A vacancy-induced state
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The (100) surface of substoichiometric TiN has been studied in normal emission utilizing synchro-
tron radiation for photon energies above 27 eV. In order to interpret the spectral features in the ex-

perimental data, comparisons with band-structure results and theoretical photoemission spectra cal-
culated for stoichiornetric composition are made. A nondispersive structure is observed at about 2-

eV binding energy in the recorded spectra and is interpreted as a vacancy-induced state. Its intensity
variation with photon energy has been studied and is compared with a resonant enhancement of the
emission from states close to the Fermi energy for photon energies between 39 and 51 eV.

I. INTRODUCTION

During the last few years, there has been much activity
concerning the vacancies in the transition-metal carbides
and nitrides, both experimentally and theoretically. This
has been stimulated by the fact that these compounds
tend to crystallize in substoichiometric phases, but do ex-
ist over a wide range of compositions. Moreover, the oc-
currence of vacancies in the nonmetal sublattice modifies
the interesting combination of properties that this group
of materials exhibits. Their ultrahardness and high melt-
ing point differ significantly from those of the metal con-
stituent, which makes them well suited as coatings for
wear-resistant materials. They have high electrical con-
ductivity and some of them are among the best supercon-
ductors known today. A further investigation of the de-
fect structure and its consequences on the electronic
structure —a structure that essentially determines the
macroscopic properties of a material —seems therefore to
be well motivated.

Vacancy-induced effects have been observed in both
theoretical and experimental ' studies on sub-
stoichiometric carbides and nitrides of transition metals.
A peak at 2-eV binding energy has been observed in
angle-integrated photoemission experiments on polycrys-
talline samples of TiN, ' ' ZrN, ' ' and NbC. The in-
tensity of this peak was shown to increase with the vacan-
cy concentration, and it could not be explained on the
basis of a stoichiometric electronic structure. Since
theoretical models have confirmed these results by pre-
dicting the creation of new filled states at about 2 eV
below the Fermi energy, there seems to be no doubt about
the origin of the feature observed in angle-integrated pho-
toemission studies on nonmetal-deficient samples of these
compounds.

However, no angle-resolved study of the vacancy-
induced structure has been reported, and surface segrega-
tion effects, which would allow for a different vacancy
concentration at the surface, have not been examined ex-
perimentally. The latter would lead to a surface vacancy

concentration that is not representative of the bulk, and
therefore surface-sensitive techniques such as ultraviolet
photoemission spectroscopy (UPS) would give misleading
information about the bulk properties. It has been argued
on rather vague grounds that high-temperature treat-
ments, such as Hash heatings, would totally destroy the
presence of vacancies at the surface and thus produce a
pure stoichiometric surface. Recent theoretical results '

have shown that for substoichiometric TiN, a vacancy-
induced structure would be visible in normal photoemis-
sion from the (100) surface at excitation energies above 36
eV. So far, angle-resolved photoemission experiments on
single-crystal TiN have been performed with conventional
discharge lamps using HeI and Net radiation and syn-
chrotron radiation up to 33 eV. " No vacancy-related
structure was observed, however, in those experimental
spectra.

It is the aim of the present work to complete the earlier
angle-resolved studies by utilizing synchrotron radiation
at higher energies in normal emission experiments, thus
making a direct comparison with recent theoretical results
on substoichiometric TiN feasible. Normal photoemission
spectra for photon energies in the range 29 to 63 eV are
presented and also compared with calculated spectra' for
stoichiometric composition. The origin and symmetry of
the observed peaks are discussed and a comparison with
band-structure calculations is made. The experimental
spectra are presented in relative units in order to follow a
resonant enhancement of the electron emission from states
located just below the Fermi energy. A vacancy-induced
state is observed at around 2 eV below the Fermi level
and its connection to the resonance mentioned above is
discussed.

II. EXPERIMENT AND COMPUTATION

A. Experimental procedure

Angle-resolved photoemission experiments were carried
out at station 6.2 at the Daresbury Synchrotron Radiation
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Source. This beam line is equipped with a toroidal grat-
ing monochromator and a Vacuum Generators ADES
400 photoemission system. The hemispherical electron
analyzer had an acceptance cone of +2', and the energy
resolution of the monochromator and analyzer were gen-
erally chosen to be 0.18 and 0.20 eV, respectively, which
gave a total energy resolution of less than 0.3 eV. The ex-
periments were performed at a base pressure of less than
1)&10 ' torr. A tungsten grid mounted in front of the
photoemission system allowed for photon flux normaliza-
tion by recording the electron yield from the grid for each
photoemission spectrum.

The preparation of the crystal used in the experiments
has been described previously. ' The crystal was mount-
ed with the (100) surface perpendicular to the analyzer
plane within 1 . It was cleaned in situ by repeated flash
heatings to about 1600 C, which was found to give a
clean surface for about 6 h. The crystal was oriented us-
ing low-energy electron diÃraction (LEED) and a clear
1&1 LEED pattern was observed without any sign of
contamination. Prior to measurement, the cleanliness of
the sample was checked using UPS and no residual oxy-
gen was detected. In the experimental spectra presented
below, the emission angle of the electrons, O„and the an-
gle of incidence of the radiation, 0;, are given relative to
the sample surface normal ~ In all spectra presented
below, the midpoint of the Fermi edge has been used as a
reference point.

B. Computational details

In an earlier work, ' photoemission spectra from the
TiN(100) surface were calculated and compared with ex-
perimental results for normal as well as off-normal elec-
tron emission. These calculations were based on the ex-
tended version of the time-reversed LEED theory
scheme. ' Since the overall agreement between the exper-
imental and theoretical spectra was found to be very
good, the same theoretical approach has been chosen in
the present work. This means that a surface overlayer
was introduced, in which the potential at the nitrogen
atoms was shifted relative to that of the bulk by + 0.4
eV. The bulk potential was the same as the one generated
in a linearized augmented plane-wave (LAPW) band-
structure calculation on stoichiometric TiN. " This
choice of potential for surface and bulk is motivated by its
success in accounting for a Tamm surface state on TiN,
as has been reported in previous work. ' ' The surface
layer has been assumed to be nondistorted, and bulk lat-
tice parameters have been used also for the top layer. The
lifetime-broadening parameters were chosen to be 2.0 and
0.14 eV for the high- and low-energy electronic states, re-
spectively, and 21 reciprocal lattice vectors were used in
the calculations to insure convergence. The polarization
of the incident radiation has been chosen to be purely
linear in the plane of incidence. No corrections for refrac-
tion and reflection of the incident radiation at the surface
have been done.

III. RESULTS AND DISCUSSION
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FIG. 1. (a) Experimental angle-resolved normal-emission en-

ergy distribution curves for TiN(100). The radiation is incident
along the (010) azimuth and at an incidence angle 0; =45' with
respect to the surface normal. (b) Calculated spectra to be com-
pared with the experimental results in (a).

A. Interpretation of photoemission spectra

Experimental angle-resolved energy distribution curves
(EDC's), for photon energies between 29 and 63 eV, are
shown in Fig. 1(a). The spectra were recorded at normal
emission, and the radiation was incident along the (010 )
azimuth at an angle of 0;=45. The ECD's have been
normalized so that the evolution of the peak intensities
with photon energy can be followed. To obtain the nor-
malization of these spectra, the variation of the incident
flux was recorded and constant-initial-state measurements
were also performed. Five structures are observed in the
spectra. The peak labeled A in Fig. 1(a), located just
below the Fermi energy, exhibits a strong dependence on
photon energy. The intensity of this peak is seen to
change dramatically for photon energies in the region
39—51 eV. The emission from peak B, which shows little
or no dispersion with photon energy, is also strongly
affected by the energy of the incident radiation. It exhib-
its a strength that goes through a maximum at 33 eV, but
is also clearly visible at higher energies. The three
lowest-lying structures, labeled C, D, and E, are easily
discernible at lower energies, and exhibit little dispersion
with photon energy.

The corresponding calculated spectra are shown in Fig.
1(b). The overall agreement between the experimental
and theoretical spectra for peaks C, D, and E is found to
be fairly good. The dispersion and relative intensity are,
in general, well reproduced by the theoretical curves.
Especially at intermediate photon energies, around 39 eV,
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the energy position as well as peak width are very well
mimicked by the calculations. However, there are also
some features in the experimental EDC's that are not so
well rejected by the calculated spectra. The calculations
cannot explain peak B and the intensity modulations of
peak A in the experimental spectra. The intensity varia-
tion of peak A can partly be explained by the calculated
curves for photon energies below 33 eV, but at higher en-
ergies there is a severe discrepancy. Peak B seems to have
no counterpart in the calculated curves, since there is no
feature in the calculated spectra that can account for its
nondispersive character and photon energy dependence.
These discrepancies are not accidental as will be explained
in later sections. Furthermore, the theoretical features are
in general narrower and exhibit, at some photon energies,
a shoulder, located at about —2.3 eV, that cannot be ob-
served in the experimental EDC's. These discrepancies
could be due to the nonideal experimental situation,
which broadens the spectral features considerably, espe-
cially at higher photon energies. The calculations assume
a monochromatic excitation source, a perfectly smooth
sample surface, and a vanishingly narrow acceptance cone
of the analyzer. These are all idealizations that can never
be fulfilled under experimental conditions. Moreover, the
lifetime-broadening parameters, which determine the
width of the calculated structures, have not been opti-
mized to reproduce the experimental results. It is also
noted that at higher photon energies the lowest-lying
structure is more pronounced in the calculated spectra.
This difference between the experimental and calculated
spectra might be due to the fact that at higher photon en-
ergies a larger region of the Brillouin zone is probed by
the analyzer, while the calculations still assume that only
electrons leaving the crystal with zero momentum parallel
to the sample surface can contribute to the photoemission
current. It should also be kept in mind that the degree of
polarization of the radiation is lower at the higher photon
energies. ' The experimental and calculated spectra for a
smaller incidence angle, 0; =18', are shown in Figs. 2(a)
and 2(b), respectively. Again, the experimental EDC's are
presented in relative units to allow for observation of peak
intensity variations. Concentrating first on the experimen-
tal spectra, we note that some significant changes have oc-
curred by decreasing the incidence angle from 0; =45 to
0;=18'. Peaks B, D, and E, observed in Fig. 1(a), have
almost disappeared, and peak C has gained relative inten-
sity. We note that peak A still exhibits a resonant behav-
ior in the energy range 39—51 eV, but has gained relative
strength for photon energies below 33 eV, as compared
with the larger incidence angle. The corresponding inten-
sity changes in the theoretical spectra are in accordance
with the experimental findings; the two lowest-lying struc-
tures have become considerably weaker and are now hard-
ly visible in the spectra. Moreover, the emission from the
peak just below the Fermi energy has increased markedly
at lower photon energies and reproduces the intensity
variation of peak A fairly well for photon energies below
33 eV. However, the calculated curves cannot explain the
resonant enhancement of this peak at intermediate ener-
gies, as was already noted for 0; =45'. The dispersion of
peak C is rejected quite well by the calculations, al-
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FIG. 2. (a) Experimental angle-resolved normal-emission en-

ergy distribution curves for TiN(100). The radiation is incident
along the (010) azimuth and at an incidence angle 0; =18' with
respect to the surface normal. (b) Calculated spectra to be com-
pared with the experimental results in (a).

though, at lower photon energies, the theoretical results
locate its energy position about 0.6 eV closer to the Fermi
energy. As in the case of 0;=45, the calculated struc-
tures are generally sharper and exhibit, at higher photon
energies, a shoulder that is not discernible in the experi-
mental spectra. These discrepancies are most pronounced
at higher photon energies, where the difference between
the experimental and theoretical approach is largest, as
was already discussed for the larger incidence angle.

So far, we have not tried to explain the origin of the ex-
perimental features. We have seen that the calculated
spectra satisfactorily reproduce the three lowest-lying ex-
perimental structures. Since the calculated curves are
based on stoichiometric TiN, one might therefore be led
to interpret peaks C, D, and E as originating from bulk
energy bands of TiN. In order to see if this is the case, a
comparison with band-structure calculations has to be
made. This comparison is facilitated considerably by
referring to group-theoretical results. ' ' lt is well
known that at normal emission from the (100) surface of a
crystal with fcc symmetry, only the final states of 6& sym-
metry contribute to the photoemission current. In the di-
pole approximation, this implies that the only allowed
electronic transition is A&~AI (b, I~AI) when the electric
field vector is parallel (perpendicular) to the surface plane.
Since the normal component of the electric field increases
monotonically with increasing incidence angle, photoemis-
sion peaks originating from bands of 6

&
symmetry should



942 LINDBERG, JOHANSSON, LINDSTROM, AND LAW 36

D
TiN (~00)
NORMAL EMISSION
he=3( eV

&010)

A

I I

-4
N4mAL ENERGY (eV)

l

0=E

FIG. 3. Angle-resolved energy distribution curves for two an-
gles of incidence, 0; = 18 and 45 . The spectra were measured at
normal emission for a photon energy of 36 eV.

gain strength as the incidence angle becomes larger, and
vice versa for states of 65 symmetry. To identify the sym-
metry of peaks C, D, and E, normalized EDC's for a pho-
ton energy of 36 eV are shown in Fig. 3 for both in-
cidence angles. It is seen from this figure that peaks B, D,
and E show a dependence on 0; that can be associated
with transitions from states of 6& symmetry. In contrast,
peak C is seen to gain intensity by increasing the parallel
component of the electric field, indicating that it originates
from initial states of 6& symmetry.

The dispersion of the experimental peaks for photon en-
ergies in the range 27 —66 eV, along the I -X symmetry
line, is shown in Fig. 4, together with a calculated band
structure for stoichiometric TiN from Johansson et al. "
The open circles represent the location of peak B and the
solid circles indicate the position of the other four peaks.
To determine the location of the experimental peaks, the
direct-transition model has been used together with the
fact that only totally symmetric final states are allowed at
normal emission. Calculated final-state bands have been
used for photon energies up to 42 eV, and a free-electron-
like band at higher energies. An inner potential of 6.0 eV
and a free-electron mass were chosen for the free-electron
band, which were found to give a reasonable fit to calcu-
lated final bands. It is seen from Fig. 4 that the peak po-
sition as well as the dispersion of peak C can be well ex-
plained by the lowest-lying b, 5 band, confirming its polar-
ization dependence. Peak D is assumed to originate from
the steep part of the 6& band, which, at lower photon en-
ergies, allows direct transitions to final bands with a simi-
lar slope. To illustrate this, the final-state band for a pho-
ton energy of 29 eV is shown in Fig. 4 as a dashed line.
By keeping in mind that the energy bands do have an ap-
preciable width, we thus see that direct transitions be-
tween bands with similar slopes are allowed over a fairly
large region of the Brillouin zone. This may explain why
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FIG. 4. Comparison between the location of the experimen-
tally observed peaks along the I -X symmetry line and calculated
energy bands. For clarity, the final-state band used at lower
photon energies, represented by the dashed line, has been dis-
placed downwards by 29 eV.

this peak shows little dispersion with photon energy and
has a considerable width. In contrast, peak E is located
close to the flat portion of the 6& band, indicating that
this peak might arise from one-dimensional density-of-
states (DOS) effects. This interpretation is supported by
the strong polarization dependence and the small disper-
sion with photon energy that peak E exhibits. It is also
seen in Fig. 4 that direct transitions involving electrons
occupying the uppermost 6& band may contribute to the
emission intensity of peak A at lower photon energies.
This observation is consistent with the earlier comparison
between the experimental and calculated spectra for the
two incidence angles. There are, however, no bulk bands
that can explain the behavior of peak A around 45 eV,
which indicates that the resonant enhancement of emis-
sion from states just below the Fermi energy is due to a
more complicated transition mechanism. We also note
that there is no bulk band that can account for peak B; its
nondispersive character and location in the gap between
the two (symmetry-allowed) b, ~ bands, together with its
polarization dependence are taken as evidence that this
peak cannot be explained on the basis of stoichiometric
TiN.

Previously, it was seen that there is a severe difference
between the experimental and calculated spectra at higher
photon energies; the spectral widths as well as the relative
intensities of the features were found to be markedly
different. This observation indicates that other processes
may start to dominate at these energies. At higher pho-
ton energies a large region of reciprocal space will be
probed by the analyzer, mainly due to its finite acceptance
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FIG. 5. Comparison between an experimental angle-resolved

energy distribution curve from TiN(100) recorded using radiation
of energy 63 eV, and a density-of-state (DOS) spectrum calculat-
ed for TiNo 83 (from Ref. 5).

cone. In the limit of very high photon energies, the elec-
tronic DOS would therefore effectively be seen by the
analyzer. In Fig. 5, the EDC for hv=63 eV and 0;=45
is compared with a DOS calculation for TiNo 83 due to
Marksteiner et al. The calculations assume completely
randomly arranged vacancies, which are shown to induce
a peak at about 2 eV binding energy. There is a fairly
good agreement between the experimental curve and the
DOS calculation; the overall shape of the experimental
curve is quite well reproduced by the DOS calculation.
Furthermore, Fig. 5 indicates that peak B may be related
to the presence of vacancies in the nitrogen sublattice.

To this point, the two most significant differences be-
tween the experimental and calculated spectra —the
failure of the calculations to account for (i) the resonant
emission from states close to the Fermi energy and (ii) the
appearance of a peak at 2 eV binding energy, showing a
strong dependence on photon energy and polarization—
have not been explained. These two features will there-
fore be treated separately in the following two sections.

that is, a p~d excitation followed by a super —Coster-
Kronig decay. Since the DOS at the Fermi energy origi-
nates mainly from titanium 3d states, transitions of this
type would lead to resonant emission from states located
at the Fermi energy. In order to examine the relationship
between the resonant behavior of peak A and the absorp-
tion of photons, a constant-final-state (CFS) measurement
was carried out. In the CFS measurement, the intensity
of the inelastically scattered electrons was measured as a
function of the photon energy by keeping the kinetic ener-

gy of the analyzed electrons fixed to 3 eV; thus a CFS
measurement gives essentially the absorption of radiation
as a function of photon energy. The CFS curve, normal-
ized according to the procedure described above, is shown
in Fig. 6 as the dotted curve. For comparison, the ab-
sorption coefficient of titanium (dashed curve) is also
shown. By inspecting Fig. 6 more closely, several in-
teresting observations can be made. The CFS curve ex-
hibits a doublet structure in the region where it has its
maximum, which is not observed for titanium. The
shapes of the CFS and CIS curves are almost identical in
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shown in Fig. 6 are fairly common among the transition
metals and have been explained as due to transition of the
form

3p 3d +h v~ 3' '3d ~3p 3d '+ e

B. Photon-induced resonance at the Fermi energy

To obtain a more detailed picture of the resonant
enhancement of peak A, a constant-initial-state (CIS)
measurement was performed. During the CIS measure-
ment, the photon energy and kinetic energy of the detect-
ed electrons were scanned simultaneously, so that the in-
tensity variation of peak A could be followed. In order to
obtain a properly normalized CIS curve, a two-step pro-
cedure was used. The yield from the beam monitor was
used as a reference counter during the measurements.
The curve thus obtained was corrected for variations in
the absorption efficiency of the tungsten beam-monitor
grid. ' The resulting CIS curve is represented in Fig. 6
by crosses. It is seen from this figure that peak A exhibits
a shallow minimum at 35 eV and a pronounced but quite
broad maximum centered at about 44 eV. These results
are in qualitative agreement with previously reported CIS
data on polycrystalline TiN, although our curve shows a
much sharper high-energy cutoff. Resonances of the type

FDC
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FIG. 6. Constant-initial-state (CIS) curve (crosses) showing
the intensity variation of the emission from states just below the
Fermi energy. The dotted curve represents the result from a
constant-final-state (CFS) measurement. These two curves have
been normalized with respect to variations in the incident photon
flux. Also shown are the absorption coefficient curve of titanium
(dashed curve) from Ref. 20 and a wide scan EDC. The EDC
was recorded using 65-eV radiation incident along the (010) az-

imuth at an incidence angle of 45 with respect to the surface
normal. The EDC has been displaced so that a comparison be-
tween the width of the Auger peak and the CIS curve can be
made. The Auger peak is believed to be intimately related to the
resonant emission from states at the Fermi energy. See text for
details.
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the region of the resonance onset, whereas the width of
the CFS curve is considerably larger; indeed, the CIS
curve seems to be intimately connected to the first peak in
the CFS curve.

It is also interesting to note that the width of the CIS
curve, about 10 eV, is comparable to that of an Auger
peak observed at photon energies beyond the resonance
region. This is also illustrated in Fig. 6, where a wide-
scan EDC for a photon energy of 65 eV (solid curve) has
been inserted. The Auger peak, which is believed to be
due to nonresonant emission from the 3p 3d excited
state, shows up at a fixed kinetic energy of about 37 eV.
The qualitative agreement in peak width is in accordance
with theoretical models ' concerning this type of reso-
nance phenomenon; the widths of the resonance in photon
energy and the corresponding Auger peak are both deter-
mined by the lifetime of the created core hole.
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C. Vacancy-induced eÃects

So far, the presence of vacancies and their contribution
to the photoemission spectra have not been considered. It
was seen in Sec. III A that neither the calculated spectra
nor the band-structure calculation were able to explain the
occurrence of a peak at 2 eV binding energy in the experi-
mental spectra. Both these theoretical results are based
on stoichiometric material, thus neglecting the presence of
vacancies in the sample. One is therefore led to associate
this peak as originating from occupied vacancy-related
states. This interpretation is supported by recent photo-
emission calculations on substoichiometric TiN. Redinger
et ah. showed that a vacancy-induced structure appears
in normal photoemission spectra from substoichiometric
TiN for photon energies above 36 eV. This peak, located
at about 2 eV binding energy, was shown to have a strong
dependence on both the energy and polarization of the in-
cident radiation. The structure was clearly observed at
photon energies above 36 eV and at an incidence angle of
0;=45, and was shown to go through a relative max-
imum at a photon energy of 42 eV. These theoretical re-
sults predict fairly well the behavior of our experimental
spectra. The polarization dependence of this peak, shown
in Fig. 3 for hv=36 eV, indicates that this feature is most
e%ciently excited by the normal component of the electric
field. The dependence on photon energy is illustrated in
Fig. 7, where the evolution of the vacancy-induced struc-
ture with photon energy is shown for the larger incidence
angle, 0; =45 . It is seen that the peak exhibits a resonant
behavior for photon energies between 29 and 36 eV, with
a pronounced maximum at 33 eV. The latter observation
is in qualitative agreement with the calculations from
Redinger et al. , although the theoretical spectra show a
resonant enhancement at about 10-eV higher energy.

It is not clear why this feature was not observed in the
earlier angle-resolved normal emission spectra using the
same cleaning procedure and photon energies above 30
eV. " A possible explanation may be that the enhance-
ment of contamination during a long series of measure-
ments is able to totally conceal the vacancy structure of
the material. Studies on TiC have shown that the
surface reactivity is dramatically enhanced when vacan-
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FIG. 7. The evolution of the vacancy structure with photon
energy. The spectra were recorded at normal emission and at an
incidence angle of 45'. The vacancy structure is located at about
—2 eV relative to the Fermi edge.
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FIG. 8. Comparison between the variation of emission inten-

sity from states just below the Fermi level (crosses) and from the
vacancy structure at 2 eV binding energy (solid dots). The verti-
cal bars are estimated uncertainties in determining the intensity
of the vacancy structure. Both curves were obtained at an in-
cidence angle of 45 . For clarity, the curve corresponding to the
emission intensity of the vacancy structure has been magnified by
a factor of approximately 15.

cies in the carbon sublattice are created deliberately.
In order to see if the resonances observed for the vacan-

cy peak and the peak at the Fermi energy are related to
each other, the net area under the vacancy peak has been
determined from the normalized EDC's. The result is
shown in Fig. 8 together with the CIS curve for the peak
close to the Fermi edge. This figure demonstrates unam-
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biguously that the intensity of the vacancy peak does not
follow that of the resonance feature observed at the Fermi
energy; in fact, the vacancy peak is most pronounced at
photon energies where the CIS curve exhibits a local
minimum. This observation is consistent with the partial
DOS calculations by Marksteiner et al. , which showed
that the vacancy-related DOS at 2 eV below the Fermi en-
ergy has mainly s character, whereas the DOS at the Fer-
mi level is dominated by the d-like metal partial DOS.
Earlier angle-integrated photoemission measurements on
TiN also indicate that the vacancy state has non-d char-
acter. Moreover, Marksteiner et a/. have shown that the
position as well as the width of the vacancy-induced par-
tial DOS changes systematically with the vacancy concen-
tration. Our experimental results give for the peak posi-
tion and width of the vacancy peak, about —2 and 0.8
eV, respectively; in good agreement with those predicted
by their calculated vacancy-induced partial DOS for
TiN0 83. Thus, the interpretation of peak B in the experi-
mental EDC's as due to vacancy states is firmly supported
by the theoretical results. Furthermore, since UPS is an
extremely surface-sensitive technique, the impressive
agreement with calculations based on a compound with
the same nominal composition, indicates that the vacancy
concentration at the surface seems to be about the same as
in the bulk. This is particularly interesting to note, since
during the last years there has been a serious questioning
of the cleaning procedure used in the present work. It has
been argued that flash-heatings would quench the possibil-
ity of seeing vacancy-induced effects in the UPS regime by
creating a stoichiometric region at the surface. It has ac-
tually been shown on theoretical grounds that one
stoichiometric top layer is enough to totally conceal the
vacancy-induced peak at 2 eV binding energy.

With the present results in hand, it seems very strange
to us that some authors' have stated that it is now known
that flash heatings lead to a stoichiometric surface layer.
We believe, on the contrary, that repeated flash heatings
to temperatures below about 1600 C do not cause an ap-
preciable vacancy concentration gradient in the surface re-
gion, and we base this on the following arguments.

(i) A vacancy-induced peak in the photoemission spec-
tra has been identified unambiguously.

(ii) The location and width of this peak are in good
agreement with DOS calculations for a compound of the
same nominal composition.

(iii) No change in the vacancy peak could be observed
after repeated flash heatings.

(iv) We have made similar observations on other
transition-metal nitrides.

IV. SUMMARY

Synchrotron radiation for photon energies above 27 eV
was used to obtain normal photoemission spectra on
single-crystal TiN0 83 Five features could be identified in
the spectra, all but one exhibiting strong polarization
dependence. The experimental results were compared
with calculated spectra for stoichiometric TiN, which
were able to reproduce the three lowest-lying structures
fairly well. These structures could be interpreted as origi-
nating from bulk bands of Ai and 55 symmetry after
comparison with band-structure calculations for
stoichiometric TiN. However, the two remaining peaks in
the experimental spectra, which showed a strong depen-
dence on photon energy, could not be explained by the
calculations. The pronounced resonance which the peak
at the Fermi energy exhibited was shown to be consistent
with transitions of the super —Coster-Kronig type and was
suggested to be related to an Auger peak, observed for
photon energies beyond the resonance region. The last
feature was interpreted as arising from a vacancy-induced
state. Its nondispersive character, polarization depen-
dence, and location were all found to be in good agree-
ment with theoretical results for substoichiometric TiN of
the same composition. Finally, the cleaning procedure
and its connection to the observed vacancy peak was dis-
cussed.
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