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Angle-resolved photoelectron spectra using realistic surface potentials:
Evidence for surface-induced structure in Tic(001)
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Angle-resolved photoemission spectra for TiC(100) are calculated using Pendry's method and realistic
surface potentials obtained from a precise all-electron local-density full-potential linearized-augrnented-
plane-wave thin-film investigation. Comparison of the theoretical photocurrent with experiment shows that

only the use of these realistic surface potentials gives a proper description of surface-induced structures oc-
curring in the experimental spectra.

Angle-resolved photoemission in the ultraviolet range has
proved to be one of the most powerful methods for deter-
mining the electronic structure of a crystal. In the last few
years, the determination of "experimental" band structures
has become possible, allowing a direct comparison between
theoretical and experimental quasiparticle properties. The
so-called three-step model for the photoemission process
has been widely used for the interpretation of experimental
spectra as bulk bands. However, despite its apparent suc-
cess in many cases, it has become very clear that the escape
depth of photoelectrons excited by low-energy uv radiation
is of the order of only a few angstroms. Consequently, a
non-negligible amount of the spectral yield originates from
the surface layer, which exhibits different electronic proper-
ties than the bulk. A rigorous theoretical description of the
photoemission process embodied in a one-step model is ex-
pected to treat and account for both the bulk and the sur-
face electronic structure on an equal footing.

In this paper we report results of the first ab initio calcula-
tion of the angle-resolved photocurrent using Pendry's'
method and realistic surface potentials for TiC(100) ob-
tained previously using the precise full-potential
linearized-augmented-plane-wave (FLAPW) method. The
calculated photocurrent, when compared directly with the
experimental spectra of Callenas et a/. ,

" reveals surface-
induced structures occurring in the experimental spectra
which appear in the theoretical results only when realistic
surface potentials are employed.

In order to make use of Pendry's' highly successful
scattering formalism, the potentials in each layer of the
semi-infinite crystal are taken to be of muffin-tin form by
using the spherically symmetric part of the FLAPW poten-
tials around the atoms and a planar average outside the so-
called atomic spheres. While this constant potential was the
same everywhere in the crystal, the spherical potentials in-
side the top layer of atomic spheres differed from those of
the other layers. The FLAPW surface- (s-) layer potential
appears in our top layer, and since the FLAPW results

showed very close resemblance between the (s —1)-layer
and central- (c-) layer potentials, the FLAPW c-layer poten-
tial is used to represent all other layers of our semi-infinite
crystal. No surface relaxation was taken into account and
the distance between the layers was fixed at the bulk value
of 2.164 A. For the surface potential we assumed a step
barrier whose height is given by the calculated work func-
tion of 4.7 eV. The barrier is positioned immediately out-
side the range of the top-layer potentials. This setup for the
surface barrier is in accordance with the experience gained
in previous photoemission studies.

To check the accuracy of our muffin-tin procedure, we
calculated a bulk LAPW energy-band structure from the c-
layer FLAPW potentials, and found very close agreement
with existing results (e.g. , our EF is only 0.1 eV higher
than that in a bulk muffin-tin APW calculation), indicating
that the FLAPW c layer is essentially bulklike.

The attenuation of the hole and photoelectron wave func-
tions is incorporated by adding constant imaginary parts to
the potentials ( —0.15 eV for the low-energy hole states and
—1.65 eV for the high-energy electron states). As a rule of
thumb, the hole dampening tends to broaden the spectral
features, whereas the high-energy constant imaginary poten-
tial also governs the escape depth of the photoelectrons.

Before presenting the calculated spectra and making com-
parisons with experiment we need to remark on the com-
mon practice of identifying local-density eigenvalues with
excitation energies. Of course, even in the exact
Hohenberg-Kohn-Sham theory only the highest occupied
eigenvalue bears any physical significance as the ionization
energy or —as in our case —the work function. In actual
computations, however, the local-density eigenvalues turn
out to differ only by more or less a constant shift from the
true excitation energies, ' thus leaving the band dispersions
nearly unaffected. Figures 1 and 2 show the calculated
spectra of the TiC(100) surface for unpolarized Ne? (16.85
eV) and Her (21.2 eV) radiation impinging along the (011)
azimuth. (Both the angle of incidence of the light 8; and
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FIG. 1. Calculated angle-resolvedved NeI photoemission spectra for
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FIG. 2. Calculated angle-resolved HeI photoemission spectra for
TiC(100) along the (011) azimuth. 8 and 8 d
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for higher emission angles. With respect to its dispersion,
this peak behaves differently for HeI radiation. For normal
emission, Fig. 2 shows a rather broad bump centered at
—2.8 eV, while experiment gives —3.5 eV. However, the
relative shift from Ne t and He t (0.5 eV) proves to be
correct, and so does the dispersion. Away from normal
emission, this peak first shifts by 0.3 eV closer to EF (which
can be seen best for 8, = 30'), reverses its slope at about
0, = 8', and starts moving downwards in energy very rapid-
ly, thus following the experimentally found dispersion. In
the experimental spectra for 8; = 15' and small 0, there is a
second peak present about I eV higher in energy (peak C in
Fig. 3 of Callenas et al. 2). A, closer inspection of our calcu-
lated spectra reveals that the center of this broad peak is at
higher energies for 0; = 5' than for 0; = 30', and concomi-
tantly a low-energy shoulder appears. This unexpected
behavior suggests that this part of the spectra consists of
two contributions whereby the lowest-energy contribution is
diminished for smaller 0;, thus showing the same polariza-
tion dependence as the peak in the Ne? spectra. This is in
perfect agreement with the experiment. In contrast to the
measured spectra, however, this two-peak structure is not
entirely resolved in our calculation.

Returning to Fig. 1, we inspect in detail the peak below
EF. From the polarization dependence at normal emission
we can assign this peak to an emission from bulklike carbon
p 45 states. As we move away from normal, two additional
structures appear, most clearly seen for 8; = 15'. Both
features show up in the corresponding experimental data
(peaks C and A in Fig. 5 of Callenas et al. 4) The shoulder
at lower energies is separated by 0.65 eV from the dominant
structure, as compared to the experimentally determined en-
ergy difference of 0.6 eV. The high-energy shoulder is most
pronounced for 8, = 4' and gets weaker at higher emission
angles. However, - a new peak emerges at 0, = 13' and at
8, = 18' outgrows the former dominant structure. A similar
situation is encountered for the 8;= 30' spectra. In contrast
to the Net spectra, the He t spectra (cf. Fig. 2) seem to lack
a low-energy shoulder, both in theory and experiment. Still,
the high-energy shoulder exists and is most pronounced for
0, =2 and loses intensity as one proceeds to 9, =4'. At
8, = 8, however, there is an onset of a strong new emission
peak, growing rapidly with H„which finally dominates the
high-angle spectra, just as in the case of the Nel radiation.

Before discussing the agreement between the theoretical
and experimental dispersion and the relative intensity of this
double-peak structure, it is necessary to understand the ori-
gin of this strong new feature. Figure 3 displays the unpo-
larized Ne? spectra of TiC(100) for 0;= 15' and 8, =18' as
calculated from different potentials. Our standard reference
is the result obtained using the true muffin-tin FLAPW po-
tential, denoted by FLAPW(s +c) and an imaginary high-
energy potential X2= —1.63 eV. The double-peak structure
found experimentally is also found theoretically for this
realistic surface potential. If one omits the surface-layer po-
tential and uses the bulk potential also in the top layer, as
shown in panel (c) denoted by FLAPW(c), this additional
structure vanishes completely. That the disappearance of
the double-peak structure is entirely a consequence of using
only bulk potentials can also be seen from the calculation
denoted by APW [panel (b)], where a self-consistent bulk
APW (Ref. 7) potential was employed. In order to regain
the double-peak structure one has to 'shift the potential at
the carbon site in the top layer by about 0.4 eV. This calcu-
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FIG. 3. Comparison with experiment of various calculated NeI
angle-resolved photoelectron spectra of TiC(100) along the (011)
azimuth for 9;=15' and 0~ =18' (cf. text); h, =16.85 eV,

lation is termed APW(s = c + 0.4 eV). A layer-by-layer
decomposition of the photocurrent for our reference calcula-
tion unambigously shows that the two peaks originate from
different layers. The high-energy contribution stems almost
completely from the top layer, whereas the low-energy
structure has a large contribution from the second layer. It
is interesting to note that contributions from all other layers
are completely negligible. As shown in panel (d) of Fig. 3,
the contribution of the second layer can easily be enhanced
by increasing the escape depth of the photoelectrons by
reducing X2 to —0.95 eV.

The results shown in Fig. 3 clearly demonstrate the need
for an accurate description of the electronic structure of the
TiC surface based on realistic surface potentials such as
those generated by the FLAPW method. It seems therefore
necessary to be very specific about surface potentials as ob-
tained by shifting bulk potentials by a constant as was re-
cently done for TiC(111) (Ref. 11) and TiN(100). ~ Al-
though the results are quite convincing, a surface-layer po-
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tential shifted by a constant for TiC is not consistent with
the fact that a C 1s core-level shift was not found in the
FLAPW calculation. Of course, the more severe problem in
any analysis is how to guess the magnitude of such a shift,
if theoretical spectra are considered to be independent of
experimentally obtained parameters.

From Figs. 1 and 2 one can see that the dispersion is
reproduced theoretically quite accurately, whereas the abso-
lute locations are misplaced by about 0.4 eV. For Net there
are even larger deviations at 8, =13', 18', 22', 47', arid
48'. Looking at the two-dimensional FLAPW band struc-
ture shown in Fig. 4 of Wimmer, Neckel, and Freeman3 we
can easily identify the high-energy structure with states of
42 symmetry dispersing towards lower energies and I, or
equivalently from normal emission. The agreement
between calculated and experimental intensity ratios is less
satisfying. The surface-layer contribution is overestimated
and the peak width is too small as compared with experi-
ment. A similar discrepancy' has been encountered for
TiN(100) and was attributed to the distribution of the elec-
tromagnetic field inside the crystal. As can be seen from
Fig. 3 the intensity ratio depends on the escape depth of the

photoelectrons, which varies with emission angle. Part of
the discrepancy between theory and experiment could there-
fore be an improper description of the angle dependence of
the escape depth. Yet another possibility affecting the rela-
tive intensities could be due to the occurrence of vacancies
at the carbon sites, since the experiment was actually per-
formed on a TiC093 single crystal. It has been shown re-
cently that these vacancies also persist at the surface. '

Apart from these differences, the overall agreement
between the experimental angle-resolved photoemission
spectra and the theoretical spectra calculated from first-
principles FLAPW surface potentials is very good. Further-
more, we have demonstrated that due to the small probing
depth of the uv-excited photoelectrons, the use of realistic
surface potentials is of crucial importance, even for the
qualitative understanding of the experimental data on the
TiC(100) surface.
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