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Angle-resolved uv photoemission spectra

(ARUPS) are calculated for substoichiometric

TiN, (100), x =0.83 and 0.92, for different geometries of the incident photons and for a variety of
incident photon energies. Vacancy-induced structures show up distinctly in normal emission for
photon energies above 36 eV. For off-normal ARUPS such structures are found even in the typical
UPS regime (Nel, He1). In contrast to our theoretical predictions and in contrast to measured
angle-integrated UPS and x-ray photoemission spectra, recent experimental ARUPS for TiNj 33(100)
give no evidence of vacancy-induced structures, neither in normal nor in off-normal emission. A

surface-induced feature was detected instead.

I. INTRODUCTION

Angle-resolved photoemission has proved to be one of
the most powerful techniques for probing the electronic
structure of solid matter. In particular, the use of syn-
chrotron radiation has tremendously enlarged the applica-
bility of photoemission experiments. In the present paper
a method (Redinger et al.!) is applied that allows the cal-
culation of the photocurrent for disordered complex lat-
tices. This method is an extension of the theory of photo-
emission for disordered binary alloys as discussed by Dur-
ham,? which, in turn, is based on the theoretical concepts
given by Pendry.>* For ordered multisublattice systems,
theoretical photocurrent calculations were performed for
the first time for CuZn(110) (Durham et al.,’ Larsson®)
and using ab initio—like surface potentials for TiC(100)
(Redinger et al.”).

For refractory phases, i.e., carbides and nitrides of Ti,
V, Nb, Zr, etc., there seems to be a severe discrepancy be-
tween the experimental measurements in the x-ray-
photoemission spectroscopy (XPS) and the Ultraviolet-
photoemission spectroscopy (UPS) regimes. In the XPS
regime a pronounced vacancy-induced peak appears both
in experimental (Hochst et al.,® Porte et al.’) and theoret-
ical (Redinger et al.!°) spectra. It is worthwhile to note
that the XPS experiments have been performed using dif-
ferent kinds of samples. The spectra by Hochst et al.?
were obtained from a bulky polycrystal, whereas Porte
et al.’ employed thin polycrystalline films. In the UPS
regime, however, the situation is somewhat controversial.
Vacancy-induced features have been seen in angle-
integrated UPS spectra from polycrystalline TiNj gy
(Bringans and Hochst!!), while both angle-integrated and
angle-resolved spectra recorded on TiNj3(100) single
crystals failed to reproduce any vacancy-related structure
(Johansson et al.'>!13). In the case of the angle-resolved

spectra, a Tamm surface state has been identified
(Johansson and Callenas,'* Inglesfield et al.'”). Up to
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now, the angle-resolved spectra for TiNj 33(100)—both
bulk and surface-related peaks—have been, surprisingly
enough, successfully interpreted using a stoichiometric
model of photoemission (Larsson et al.,'® Johansson
et al.'). It seems, however, that not only a proper
description of the composition of the nonstoichiometric
samples is needed for an interpretation of photoemission
data, but also an adequate model for concentration-
dependent reconstructions in the first few layers of the
crystal. Strong indications for such concentration-
dependent reconstructions were found experimentally
from He scattering on TiC, surfaces (Aono et al.'8).

The present paper has to be understood as a kind of
“piloting study,” since most of the refractory phases are
notoriously nonstoichiometric and, also, since similar
problems such as antistructural atoms in pseudobinary or
ternary alloys can arise in quite a different context.

II. COMPUTATIONAL DETAILS

Within the framework of the coherent-potential ap-
proximation (CPA), the photocurrent emerging from a
substitutionally disordered alloy can be split into a
coherent and an incoherent contribution (Durham?). The
coherent part contains the k-dependent information,
whereas the incoherent part arises from fluctuations of
the random system about the effective coherent lattice and
involves only site-diagonal information on the initial
states. The calculation of the coherent contribution is
completely analogous to a calculation of the photocurrent
for an ordered alloy,>!® except that effective CPA matrix
elements and effective CPA scattering amplitudes are
used instead of only local-potential-dependent matrix ele-
ments and phase shifts. In the present case of a pseudo-
binary alloy, the incoherent contribution to the photo-
current is obtained using the configuration-averaging pro-
cedure as given by Schadler et al.?°

All spectra shown in this paper are based on Korringa-
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Kohn-Rostoker (KKR) - CPA scattering amplitudes for
the ground-state (Marksteiner et al.?!) and ATA
(averaged—t-matrix approximation) -like scattering ampli-
tudes for the excited state. This kind of setup for the ex-
cited states was already successfully used by Durham? for
simple lattice substitutional alloys.

Just as in the case of stoichiometric TiN,'®!7 bulk lat-
tice parameters are assumed even for the surface layer,
and the surface potential barrier is located such that it
touches the muffin-tin spheres in the surface layer. The
height of the surface barrier is chosen to be 14.9 eV with
respect to the muffin-tin zero and is the same for all va-
cancy concentrations. To ensure convergence, 21
reciprocal-lattice vectors are included in the calculation.
The electron and hole lifetime-broadening parameters are
chosen to be —2.0 and —0.14 eV for the high- and low-
energy states, respectively. These broadening parameters
are, in particular, used to match the present calculation
with the previous calculation for stoichiometric
TiN(100).'%!7 The applied parameters are not optimized
values, but seem to be reasonable estimates as judged by
the experience gained in other calculations (Larsson,?
Pendry and Hopkinson,?® Redinger et al.”). Finally, the
calculated spectra have been convoluted with a Gaussian
spectrometer function (a full width at half maximum of
0.2 eV) and are normalized to the largest peak.

III. RESULTS

A. Normal emission

In Fig. 1 the present calculation for TiNj §3(100) [Fig.
1(a), dashed line] is compared with experimental data for
TiNg 53(100) [Fig. 1(b)] and theoretical calculations for
stoichiometric TiN(100) using different surface potentials
[Fig. 1(a), solid line, and Fig. 1(c), respectively]. The cal-
culations correspond to p-polarized light incident along
the (010) azimuth at an angle ;=15 with respect to the
surface normal. Since in normal emission the final state
has to be total symmetric (A;), the component of the elec-
tromagnetic field parallel to the surface excites only A;-
like initial states and the component normal to the surface
only As-like initial states. Thus, by increasing the angle
of incidence, the emission from A,-like states is enhanced
relative to the emission from A;-like states.

Roughly speaking, we obtain three peaks, one at an en-
ergy approximately between —6 and —5 eV, another one
at about —3 eV, and a third just below the Fermi level
(zero of energy). From the 6; dependence it follows that
the lowest peak arises from A;-like N p initial states,
whereas the other two features originate from As-like N p
and Ti d initial states, respectively. Since the dispersion
of the peaks follows quite nicely the bulklike initial bands
along the '—A—X direction, direct transitions seem to be
dominant for stoichiometric as well as for non-
stoichiometric systems.

As compared to the experimental data [Fig. 1(b)] and
the “stoichiometric” calculation for TiN(100) [Fig. 1(c)],
there is no surface-induced peak at about 0.7 eV above the
As-like N p band in the nonstoichiometric case. This
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FIG. 1. Normal-emission spectra for TiN,(100) using p-
polarized light incident at 15° relative to the surface normal
along the (010) azimuth: (a) calculated spectra x =0.83
(dashed line), x =1.0 from Ref. 16 (solid line), (b) Experimental
spectra from Ref. 13, and (c) calculated spectra (Ref. 16) for
x =1.0 using a modified surface potential.

Tamm surface state (Inglesfield et al.,'> Larsson et al.'®)
originates from a different charge transfer at the surface
due to the breaking of bonds. For ordered systems,
Tamm states can be described theoretically by using
ab initio—like surface potentials’ or simply by shifting
the top-layer potential by some constant [Fig. 1(c)]. For
nonstoichiometric systems the situation is more complex:
Firstly, ab initio calculations including surface vacancies
are not available. Secondly, a shift of the top-layer poten-
tial is only possible for a stoichiometric top layer, since (at
present) the potential employed in the calculation of the
spectra has to be the same as that used for the calculation
of the bulk CPA scattering amplitudes. Thirdly, because
of additional broken bonds due to vacancies, surface va-
cancies will certainly strongly influence a Tamm surface
state. In view of these reasons we did not attempt to in-
corporate top-layer potential-dependent effects for sub-
stoichiometric TiN g3(100).

Nonstoichiometry introduces certain features which
cannot be “observed” in the corresponding stoichiometric
system. The intensity of the As-like N p peak is reduced
with respect to the Tid—like peak close to Er. This
reduction is most pronounced at a photon energy of 29
eV, where states corresponding to k points near the
Brillouin-zone center are mapped. For k vectors in this
particular region of the Brillouin zone, the N p band is at
lower energies and the dispersion of the band is reduced.
The upward shift of the A;-like emission is largely due to
a lowering of E by about 0.3 eV when going from TiN, ¢
to TiNg 3. For photon energies below 36 eV the intensity
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is only slightly enhanced in the energy region of the
vacancy-induced features (around —2 eV).

As compared to the experimental data, the theoretical
peak positions are found to be too high in energy. This
kind of discrepancy, however, reflects nothing but the
well-known problem of identifying local-density eigen-
values with quasiparticle excitations (see, e.g., Perdew?*).
Such discrepancies also occur in the calculated spectra for
TiN, ¢(100).'%17 Nevertheless, we have to state that ex-
perimental spectra taken from a nominal TiNg g3(100)
crystal seem to be in a better overall agreement with cal-
culated angle-resolved ultraviolet photoemission spectros-
copy (ARUPS) for stoichiometric TiN(100) rather than
with those for substoichiometric TiNy g3(100).

Turning now to the spectra in Fig. 2, one can see that
an additional vacancy-induced structure at about —2 eV
comes into play for photon energies above 36 eV. Unfor-
tunately, only angle-integrated data from a TiNj g poly-
crystal are available in this photon-energy range. These
spectra clearly show a —2 eV structure which is not
present in the stoichiometric counterparts. This addition-
al structure has been attributed to vacancy-induced
states.!! It should be mentioned that a vacancy-induced
—2 eV peak was also found for substoichiometric TiN, in
the x-ray-photoemission spectroscopy (XPS) regime.*~!°

Very recently, this peak was also found experimentally
as well as theoretically for substoichiometric
ZrN, (100).2>2¢ By comparing Fig. 2(b) with Fig. 2(c) one
can see that the intensity of the vacancy-induced peak de-
creases with decreasing vacancy concentration. No
dispersion is detectable for the vacancy-induced structure
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at —2 eV. The intensity of the peak depends strongly on
6; and is enhanced for larger values of 6;, which, in turn,
implies A;-like symmetry. This is in accordance with an
augmented-plane-wave (APW) supercell calculation for
TiNg s (Herzig et al.?’), assuming an ordered defect
structure.

The question now arises as to why this —2-eV vacancy
peak is seen only for photon energies above 36 eV. To
answer this question, one must consider both the initial
and final states. From Bloch spectral functions for
TiNg 75, one can see that the vacancy states along the
I'—A—X line are particularly pronounced at k values
greater than 0.5 (the X point is at 1.0). This part of the
Brillouin zone is certainly probed with 17-eV photons (see
the band structure of TiN shown in Fig. 1 of Johansson
et al.'®). Contrary to the shape of the Bloch spectral
functions, however, around —2 eV, as compared with the
spectra from stoichiometric TiN(100), only an increase in
the “background” is observed. By increasing the photon
energy one moves along an almost free-electron-like final
state and approaches the I" point around a photon energy
of 30 eV. The inverse low-energy electron-diffraction
(LEED) final state used in our calculations shows the
same dispersion as the bulklike final state. It is rather
sharp, and thus guarantees a good k-space resolution.
This is reflected in Fig 2, where the emissions from the
A,-like and As-like N p initial states coincide for a photon
energy of 33 eV. Increasing the photon energy further,
one can see from the bulk band structure that after a short
steep rise the A, final-state band becomes very flat. Be-
cause of this flattening seen in the three-dimensional
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FIG. 2. Calculated normal-emission spectra for the experimental composition of TiN 33(100) and TiNj ¢,(100). p-polarized light,
with energies ranging from 33 up to 60 eV, is incident along the (010) azimuth at an angle relative to the surface-normal: (a)
x =0.83, 6;=15° (predominantly As states); (b) x =0.83, 6,=45° (both A, and As states); (c) x =0.92, 6;,=45° (both A, and As
states). For photon energies above 36 eV the vacancy-induced structure at —2 eV is clearly visible for 6, =45".
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final-state band structure, the disorder broadening and the
finite lifetime due to inelastic-scattering events become
important for the LEED final state. This has two major
consequences: (1) the k-space resolution is poor, which
implies that also the second half of the '—A—X line is
“seen,” and (2) the coherence length becomes small,
which, in turn, implies that mostly single-site (i.e., atomic-
like) contributions are important for the photocurrent.
Since the vacancy initial states are rather localized, this
particular final-state situation causes their intensity to
remain unchanged, whereas the intensity from the
itinerant N p initial bands is radically quenched.

This is in contrast to the situation at lower photon ener-
gies, where the LEED final state is seen to be rather
sharp. Although the relevant k region is probed, for
lower photon energies the huge multiple-scattering contri-
bution from the N p initial bands buries the vacancy peak
in the “background.” Pushing the photon energy beyond
48 eV, the vacancy peak disappears, but reappears again
at 57 eV. The nature of the final state is again responsible
for this intensity modulation. At about 48 eV the strong-
ly broadened final state sharpens and again shows free-
electron-like dispersion until the X point is reached at
about 60 eV. The final state is particularly sharp for A
points between 0.35 and 0.7 and shows a considerable
broadening near the X point. Consequently the k resolu-
tion is rather good for photon energies around 50 eV,
where initial vacancy states corresponding to A points
around 0.5 could cause the emission at —2 eV. However,
precisely in this k-point region the vacancy-induced initial
states are not very well defined. For photon energies
above 55 eV the final states again pick up the relevant
portion of the A line. Now, again the final states are
broadened sufficiently enough in order to quench the
multiple-scattering contributions with respect to the
N p—like initial states.

B. Polar-angle dependence

In order to study the photoemission for sub-
stoichiometric TiNj g3(100) as a function of the electron-
emission angle 6, (polar angle) along the (011) azimuth,
we carried out calculations for unpolarized Nel (16.85 eV)
and Hel (21.2 eV) radiation. With this particular setup,
initial states in the '—X—U—L —K plane of the Brillouin
zone are probed.

In Fig. 3 the dispersion of the calculated peaks (lines)
for TiNj g3(100) is compared to the experimental peak po-
sitions!® (circles). Since the results for NeI and HeTI radi-
ation are very similar, only the Hel ‘“bands” are
displayed. Let us focus first on the energy region between
Er and —3 eV. For 6, > 10° the vacancy-induced states
(solid line) show up as a separate peak. This peak is most
pronounced for 6, >20°. For 6, < 10° the peak turns into
a very weak shoulder and vanishes completely for 6, <4°.
The dispersion of the vacancy peak is about 0.85 eV and
shows a minimum binding energy of —1.65 eV around
0, =35° and a maximum of —2.4 eV at 6, =74".

This, at first sight, striking difference between normal
and off-normal emission can be interpretated partially in
terms of the band structure of stoichiometric TiN (cf. Fig.
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FIG. 3. Polar-angle (6,) dependence of the peak positions in
the TXULK plane for TiNj;(100) using unpolarized He1 (21.2
eV) radiation. Circles: experimental data from Ref. 13. Lines:
present calculation.

1 of Ref. 13). Along [100], the N p and Ti d initial-state
bands overlap, whereas for off-normal directions in the
I'-X—U—L—K plane, away from I'—A—X, a gap opens.
The APW supercell calculation for ordered TiNj ;5 shows
that the vacancy states are predominantly found within
this gap. In the disordered case the vacancylike states
remain rather sharp, as can be seen by comparing the
Bloch spectral functions for disordered TiNj ;5 along the
I'-32—K direction (gap) with those along the '—A—X
direction (no gap). Since this gap is also rather broad,
there are no other initial states near by which as in the
case of normal emission can overshadow the vacancy-state
emission. It is therefore not surprising that the vacancy
states are well resolved in off-normal emission, even for
low photon energies.

The experimental “band” around —1 eV, as seen for
polar angles 6, <15° and 6, > 60°, is not present in the
calculated off-normal spectra for TiNj33(100). This
“band” was assigned to states derived from A)-like initial
states for stoichiometric TiN. Its intensity is “weak” in
the experimental spectra for TiN ¢;(100) and in the calcu-
lated spectra for stoichiometric TiN(100).!” These A}-like
states are seen to be heavily affected by disorder. They
remain sharp only in the vicinity of the Brillouin-zone
center and near the X point, as discussed in Ref. 20. The
disorder broadening seems to be large enough to rub out
this spectral feature, even for TiNj g3(100).

As in the case of normal emission, the experimentally
found surface state (open circles) is not present in the cal-
culated spectra (cf. the discussion given for Fig. 1). The
experimental “band” derived from As-like N p bulk states
is found between —3.8 and —5.6 eV (solid circles),
whereas the calculated counterpart (dashed line) is found
between —3.15 and —4.85 eV. This almost constant
offset of about 0.7 eV reflects the well-known problem of
identifying local-density eigenvalues with quasiparticle ex-
citations.”* At around —6 eV the calculated band
(dashed-dotted line) derived from A -like N p bulk states
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appears. The corresponding experimental “band” (solid
circles) is located at about —7 eV. As regards the disper-
sion of this band, the agreement with experiment is worse
than for the As-like states.

IV. CONCLUSION

The present paper very clearly shows that vacancy-
induced structures in the angle-resolved photoemission
spectra for TiNj3(100) should indeed be observable.
Such structures were observed in a recent paper by
Bringans and Hochst!! in 40-eV angle-integrated spectra
for polycrystalline TiN g. Johansson et al.,'? however,
did not trace any such structure in their angle-integrated
He 11 spectrum for a TiNj 33(100) single crystal. Since ex-
actly the same crystal was used for their angle resolved
study,? it is not at all surprising that their angle-resolved
spectra do not show any vacancy-induced peaks. It is
quite possible the vacancy-induced structures are missing
because they essentially measured a nonstoichiometric
sample with stoichiometric top layers. In the case of
TiC,(100), Aono et al.'® showed that the presence of va-
cancies in the surface region depends crucially on the tem-
perature of the heat flashes used to clean the surface.

Recent measurements for ZrN,(100) by Johansson and

co-workers?® indeed show quite clearly the existence of
vacancy-induced structures, confirming the correctness of
our theoretical approach.!2

In order to study the effects of a concentration gradient
for the top layers, we have extended our scheme to handle
different concentrations in different layers (Redinger and
Weinberger?®). We believe that a single stoichiometric top
layer is sufficient to fake a ‘“‘stoichiometric sample.”

Note added in proof. A new synchrotron-based investi-
gation of the substoichiometric TiN(100) surface by the
Johansson group [P.A.P. Lindberg, L. I. Johansson, J. B.
Lindstrom, and D. S. L. Law (unpublished)] revealed a
vacancy-induced structure at —2.1 eV. This structure is
visible in normal emission for photon energies above 30
ev.
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