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Evidence of vacancy-induced surface states for nonstoichiometric TiN (100)
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Angle-resolved photoemission spectra for nonstoichiometric TiN (100) are calculated with use of
a model for a vacancy-concentration gradient near or at the surface. From our model calculations a
vacancy-induced surface state is found, which is similar to a Tamm surface state occurring fre-
quently for stoichiometric surfaces.

INTRODUCTION

It is well known that rocksalt-type transition-metal car-
bides and nitrides hardly exist in a stoichiometric compo-
sition. Phases like TiN exist in many cases in which the
transition-metal sublattice is completely occupied and the
vacancies are distributed randomly over the nonmetal sub-
lattice only. Although the presence of vacancies pro-
foundly changes the physical properties of this technologi-
cally rather important class of compounds, comparatively
little work has been devoted to gain some insight into
vacancy-induced effects in the electronic structure of
transition-metal carbides and nitrides.

Very recently, calculated x-ray-photoemission spectros-
copy (XPS) spectra for nonstoichiometric refractory
phases, ' which are based on Korringa-Kohn-Rostoker
coherent-potential-approximation (KKR-CPA) results, '

showed impressively enough the vacancy-induced features
found in the experimental data. Especially for vacan-
cy concentrations less than 20 at. %%uo th eagreemen t with
the experimental spectra is excellent. In particular, in the
case of TiN new experimental and theoretical Ti K x-ray
emission spectroscopy (XES) spectra, which map the
Ti p —like density of states (DOS) only, gave a direct proof
of the vacancy-induced states. It is important to note at
this stage, that both experimental techniques —XPS and
particularly XES—yield information about the electronic
structure of the bulk.

The situation is quite different, however, in the case of
angle-integrated or angle-resolved uv-photoelectron spec-
troscopy (ARUPS) spectra. Due to the rather low probing
depth of uv-excited photoelectrons, the surface region
contributes significantly to the intensity of the photo-
current. ARUPS have been obtained from non-
stoichimetric TiN„(100), TiC„(100),' ' ' TiC„(110),'

TiC„(111),' ' ZrN„(100), ' VN„(100),' and NbN (100)
(Ref. 14) single-crystal surfaces. In none of these spectra
is any direct evidence for vacancy-related structures. In-
stead, a Tamm surface state has been experimentally
detected in the cases of TiN„(100) (Ref. 15) and
ZrN„(100). ' Theoretical calculations showing Tamm
surface states have been reported for the stoichiometric
systems TiN(100) (Refs. 17—19) and TiC(100).

In contrast to the single-crystal ARUPS, a completely
different picture emerges from angle-integrated UPS spec-
tra obtained from polycrystalline TiN„and ZrN sam-

ples. ' There are no surface-induced states, but a
vacancy-induced feature is clearly visible at photon ener-
gies of about 40 eV. These findings have to be compared
with the angle-integrated Hett (40.8 eV) spectra of the
TiN(100) single-crystal used in the ARUPS experiments
showing no vacancy states for the TiNo „3(100) single-
crystal surface at all. The situation is even more contro-
versial in view of our recent theoretical ARUPS (Ref. 23)
from substoichiometric TiN„(100) surfaces, which clearly
showed that a vacancy-induced peak should appear in
normal emission at about —2 eV and photon energies
above 36 eV. Most recent measurements on ZrN„(100)
do in fact show such vacancy-related structures, in good
agreement with theory.

In the case of typical uv wavelengths, such as Net or
He I, the —2-eV peak is observable in off-normal emission
for takeoff angles larger than 10.

The question appears to be as follows: What happens
to the vacancy-induced peaks if the vacancies are dying
out towards the surface?

In order to give a more definite answer to this rather
delicate question, we used a model for a vacancy-
concentration gradient at or near the surface for the cal-
culation of the present ARUPS. All theoretical ARUPS
shown in the present communication (cf. Ref. 23) are
based on Pendry's inverse-LEED (low-energy electron-
diffraction) formalism, treating disorder along the
lines of Durham ' and Schadler et al. Bulk lattice pa-
rameters and bulk KKR-CPA scattering amplitudes are
used for all spectra shown. Since no ab initio surface
KKR-CPA calculations are available, we used bulk
KKR-CPA effective scattering amplitudes for the various
disordered layers. It should be noted that the potentials
used for the calculation of the various effective KKR-
CPA scattering amplitudes are those of stoichiometric
TiN. Such a procedure seems to be well suited for the
present purpose, since from a self-consistent augmented-
plane-wave (APW) supercell calculation for TiCQ 75 (Ref.
33) and TiNO 75 the deviations from the stoichiometric
potentials are found to be rather small. So, only different
concentrations of vacancies in different layers will lead to
layer-dependent scattering properties. In the case of
stoichiometric top layers, we also investigated the influ-
ence of a shifted nitrogen potential for the surface. Guid-
ed by the results in Ref. 23, we have chosen a normal-
emission geometry and, unless otherwise indicated, unpo-
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larized Hett (40.8 eV) radiation. The angle of incidence
0; of the photons relative to the surface normal is 45',
thus allowing emission from both 6&-like and 55-like ini-
tial states.

RESULTS

In Fig. 1 we show as a reference the spectra for "pure"
TiN„(100). Here, and in all further cases, "pure" means
that no vacancy-concentration gradient is present. The
zero of energy (Fermi level) depends on x. The Fermi
level for x=1.0 is 0.25 eV higher than that for x=0.83.
For x=0.92 the Fermi level is 0.1 eV higher than in
x=0.83. Figures 1(a) and 1(b) show the Hett normal-
emission spectra for TiNp a3(100) and TiNQ 92(100), respec-
tively. We find four prominent peaks, lying at about —5,
—3, —2 eV, and close to the Fermi level. They have been
identified in Ref. 23 as being due to emission from b, &-like

and 5&-like N p initial states, 5&-like vacancy states, and
Ti-d-band 6&-like initial states, respectively. The vacancy
peak at —2 eV is missing in Fig. 1(c) for stoichiometric
TiN(100) and a surface state appears in Fig. 1(d) instead,
if the nitrogen top-layer potential is modified. ' ' Al-
though the Fermi level is higher for TiN(100) and
TiNQ 92(100), the energetic position of the —3-eV 6s-like
emission is almost the same as for TiNoa3(100). In the
case of TiNQ 92(100), the peak is shifted by 0.1 eV even
closer to the Fermi level. Consequently, on an absolute
energy scale with respect to a layer-independent common
muffin-tin zero, this peak moves closer to the Fermi edge
with decreasing vacancy concentration. This shift is also

reflected in the effective phase shifts at the nitrogen sub-
lattice. In the vicinity of the —3-eV peak, the imaginary
part of the phase shift is small, so it seems to be sufficient
to concentrate on the real part only. Applying the usual
resonance criterion for single-site scattering, one finds a
shift of the resonance energy toward the Fermi level with
decreasing vacancy concentration. This behavior is also
related to the narrowing of the N-p-band DOS with in-
creasing vacancy content. These findings are important in
view of the spectra shown in Fig. 2, where Fig. 2(a)—
"pure" TiNo a3(100)—serves as a reference, and all the
other spectra are given with respect to the Fermi level of
TiNQ a3 Spectrum 2(b) reflects the situation of one layer
of TiNQ9$(100) on top of TiNoa3(100). Spectrum 2(c) is
obtained if a second —stoichiometric —overlayer is includ-
ed. Figure 2(d) is analogous to Fig. 2(c); only the
stoichiometric nitrogen top-layer potential is now shifted
by 0.4 eV.

In the following we will concentrate our arguments on
the energy region between —3 and —2 eV. The spectrum
for "pure" TiNo a3(100)—2(a)—shows two peaks, which
are seen in Fig. 2(b) only as shoulders of a new peak at
—2.5 eV. This particular peak is a Tamm-like surface
state due to the different scattering properties in the top
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FICi. 1. Calculated normal-emission spectra for
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an angle 0; =45 with respect to the surface normal: (a)
x=0.83, (b) x =0.92, (c) x= 1.00, and (d) x = 1.00(s). (s) denotes
nitrogen top-layer potential shifted by 0.4 eV; cf. Refs. 18 and
19.
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layer caused by a different vacancy concentration in the
top layer. It therefore makes sense to speak of a
vacancy-induced surface state. In Fig. 2(c), again there is

only a two-peak structure. The original bulklike
vacancy-induced peak at —2 eV is strongly overshadowed
by the vacancy-induced surface state and is barely visible
as a slight shoulder. The shoulder disappears completely
if a shifted top-layer potential is used [Fig. 2(d)]. It is
clear that a shifted nitrogen top-layer potential will in-
crease the splitting off of the vacancy-induced surface
state. This can be seen from the increased intensity of the
surface-state peak by comparing the spectra of Figs. 2(c)
and 2(d). Furthermore, the energetic position of both
peaks is shifted closer to the Fermi edge, since in this
case, due to the small escape depth of the photoelectrons,
the bulklike bands are also seen to be affected.

Figure 3 illustrates the behavior of a vacancy-induced
surface state. In Fig. 3 "pure" TiNo 9$(100)—3(a)—serves
as a scale of reference. The other cases shown are (i) one
stoichiometric layer on top of TiNQ 92(100) [Fig. 3(b)], (ii)
two stoichiometric layers on top of TiNo 92(100) [Fig.
3(c)], and (iii) two stoichiometric overlayers on top of
TiNo 92(100) with the top-layer nitrogen potential shifted
[Fig. 3(d)]. The bulklike vacancy state is hidden behind

the vacancy-induced surface state already for one
stoichiometric top layer [Fig. 3(b)]. It seems, therefore, to
be an unavoidable necessity to have vacancies in the top
layer, in order to see vacancy-related features in the AR-
UPS from a single-crystalline TiN (100) samples. If a
second stoichiometric layer is put on top, the intensity of
the induced surface state is decreased with respect to the
bulk states [Fig. 3(c)]. This peak, however, is enhanced
again if a shifted top-layer potential is taken into account
[Fig. 3(d)]. This has the same effect as a concentration
gradient, as stated already above.

In order to gain some insight into the polarization
dependence of the vacancy-induced surface state, in Fig. 4
all spectra shown correspond to TiNo 92(100) with a single
stoichiometric top layer. Using a shifted top-layer poten-
tial [Fig. 4(b)], the surface state gains intensity and is
shifted closer to the Fermi level. Changing the angle of
incidence 0; of the impinging Her? photons from 45' to
15' and using an unshifted top-layer potential [Fig. 4(c)],
we find close agreement with Fig. 4(a). As compared to
Fig. 4(a), the smaller 8; in Fig. 4(c) reduces the transition
probability from 6r-like initial states. As can be seen
quite clearly, only the peak around —5 eV is seriously af-
fected. There is also a slight narrowing of the double
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FIG. 3. Calculated normal-emission spectra for sub-

stoichiometric TiN„(100) displaying a vacancy-concentration
gradient in the surface region. Unpolarized He rr radiation (40.8
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FIG. 4. Calculated normal-emission spectra for sub-

stoichiornetric TiNO 9$(100) displaying a vacancy-concentration
gradient —stoichiometric top layer —at the surface. In the case
of spectrum (b), the nitrogen top-layer potential was shifted by
0.4 eV; cf. Refs. 18 and 19. Except for spectrum (d), unpolar-
ized Herr radiation (40.8 eV) is incident along the I ULK az-
imuth. The angle of incidence 0; with respect to the surface
normal is 45' for spectra (a) and (b) and 15' for spectra (c) and

(d). In the case of spectrum (d), p-polarized light with an energy
of 17 eV is incident along the I X8'K azimuth.
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peak extending between —3 and —2 eV, due to the loss of
intensity of the 4&-like vacancy-related shoulder in Fig.
4(c). The intensity ratio of the bulk N-p-b, &-like peak and
the vacancy-induced surface-state emission is left un-
changed, so that the initial states show the same symme-
try, namely 65. This behavior indeed supports the above-
given arguments for a vacancy-induced surface state, split
off from the N-p-bulk bands, similar to a Tamm surface
state. Using a different source of radiation, namely 17 eV
p-polarized photons, Fig. 4(d) is obtained. In Fig. 4(d) the
surface state remains at the same energy as in Fig. 4(c),
but the bulk states have shifted to larger binding energies.
If Fig. 4 is compared to the spectrum obtained for
stoichiometric TiN(100) with a shifted top-layer potential
[see Fig. 1(b) of Ref. 18], one finds almost no differences
between these two cases and, in turn, with the experimen-
tal spectrum [see Fig. 1(c) of Ref. 18]. This statement is
rather important recalling the fact that no vacancy-related
features, but a surface state, has been identified in the ex-
perimental ARUPS of nominal TiNQ 83(100). In view of
our present results, modeling a vacancy-concentration gra-
dient at the surface, such experimental findings are no
longer surprising, since already one stoichiometric top
layer is sufficient to rub out the bulklike vacancy-state
emission in favor of emission from a vacancy-induced
surface state. However, the two states may be unambigu-
ously identified from their polarization dependence, since
the vacancy state shows 6&-like and the induced surface
state 55-like symmetry.

CONCLUSIONS

The limitations of the applied model for the vacancy
gradient are quite clear: (i) Since there are at present no
layer KKR-CPA calculations for semi-infinite crystals
with different concentrations in different layers available,
bulklike KKR-CPA scattering amplitudes are used. (ii)
three different concentrations, namely x=0.83, 0.92, and
1.0, are only a rough measure for a concentration gra-
dient. The present model calculations, however, do show
that a vacancy gradient can indeed have an important ef-
fect on ARUPS: The model calculations show a
vacancy-induced surface state split off from the N-p-
6,—like states, similar to the Tamm surface state for the
stoichiometric surface. In contrast to the 55-like
vacancy-induced surface states, the vacancy-induced
states themselves are bulklike in nature and show 6&-like
symmetry. This different initial-state symmetry offers a
chance to distinguish unambiguously between the two
vacancy-related features by examining their polarization
dependence. Provided that there are enough vacancies left
at the surface, vacancy states should be observable in
ARUPS of substoichiometric TiN„(100) and in related
systems.
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