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The polar and azimuthal dependence of the energy dis-
tribution of photoelectrons has been studied for
TiSe,- and VSe,-single crystals using various rare
gas resonance lines for excitation. The results are
compared with recent valence band structure calcula-
tions. Structure close to the Fermi level is particu-
larly sensitive to the preparation of the surface.

I. Introduction

TiSe,,VSe;, and their mixed crystals, 1ayered compounds crystal-
lizing in the 1T-structure (space group Dug, show interesting
transport and optical properties associated with phase transitions
at about 200 K and 100 K respectively where superlattices appear in
diffraction experiments [1,2]. These properties are related to the
detailed band structure of the materials, especially to its behavior
close to the Fermi energy, for example the critical overlap of p and
d bands at the [ and L points in the Brillouin zone in TiSej;. In or-
der to understand the observed properties a number of band structure
calculations appeared recently for these materials differing by meth-
ods and results [3-5]. We have performed new angle resolved photo-
emission experiments on various 1T-TiSej; and VSejp crystals with the
aim to test the new proposed band structures in detail and to com-
pare our results with previous photoemission measurements [6-9]
which differed in several respects.

II. Experimental

We have studied the polar and azimuthal dependence of the energy
distribution of photoelectrons originating from ultrahigh vacuum
cleaved single crystals excited by He I (21.2 eV), Ne I (16.8 eV),
Ar I (11.8 eV) and Kr I (10.0 eV) resonance lines using a cylindri-
cal mirror analyser with apertures. The eneray resolution was be-
tween 0.1 and 0.3 eV, the angular resolution * 3°. Several photon
energies were useful to test the influence of final states and three
dimensional effects. A photon energy as low as 10.0 eV provided im-
proved K,- resolution in deriving the experimental bands. A number of
different crystals of various origins was investigated. Orientation
and cleanness of the crystal surfaces were checked by Laue-, LEED-
and Auger method, the latter two in situ.

III. Results and Discussion
As a typical experimental result for TiSe, the He I energy dis-

tribution curves for the M direction in the hexagonal Brillouin
zone are presented in Fig. (1). Parameter is the polar angle ¥ with
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Fig.2 Comparison between
measured and calculated
Motoarte band structure [ 3] of
TiSEZ
-5 respect to the surface normal. The
Eb(eV) binding energy referring to the
Fermi level is plotted on the x-
Fig.1 Polar angle depen- axis. The main maxima can be attri-
dence of HeI-excited buted to Se 4p-derived bonding states
EDCs from TiSej; in M- while the maximum appearing at the
direction Fermi energy only at higher angles,

i.e. around the zone boundary, is as-

sociated with Ti 3d electron pockets
predicted at the L point by band structure calculations [3]. From the
observed peaks we can derive an experimental band structure referred
to the wavevector component parallel to the surface(k,=V2m/HE sinJ).
The results for the rM'-direction are compiled in Fig. (2) for diffe-
rent photon energies together with self consistent local density band
structure calculations [3](solid line: M line from the center of the
Brillouin zone to the zone boundary in the middle plane; dashed line:
A-L line parallel to M at the top of the Brillouin zone).

The experimental bands confirm several aspects of the calculated
bands. At the Fermi level the typical overlap between p and d bands
(-0.2 eV) is observed around the center of the Brillouin zone I~ and L
at the zone boundary (k=1A~1) which is responsible for the semimetal-
lic behavior of TiSey. The visibility of the overlap depends criti-
cally on the photon energy used. The upper parts of the Se p-bands
can be best seen using the 10.0 eV Kr line while d-like electron
pockets at the zone boundary show up best for the Ar and He lines.
This is believed to be due to final state effects and transition ma-
trix elements. The general trend of the lower lying calculated bands
is also reproduced experimentally. We see the major part of the dis-
persive band originating from the top of the valence band atldroppina
to about 2 eV at L(M). There is also a flat band at 3 eV and another
dispersive band underneath between 3 and 4 eV. In the 4-6 eV range
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Fig.3 Azimuthal VSe2
dependence of d- Fig.4 Polar angle de-
peak intensity pendence of VSe, EDCs
and p-peaks in- (rm) the experimental points
tensity-ratio lie between the calculat-

ed extrema. The only fea-
ture which is hard to correlate to any calculated
band is a number of points without much dispersion around 2 eV.

A closer inspection of Fig. (2) shows that in certain regions the
experimental points vary more or less with photon energy. This indi-
cates that it seems to be necessary to include three dimensional and
final state effects to further improve our simple two-dimensional
analysis in which the component of the wavevector perpendicular to
the surface K| has been completely neglected. For direct transitions
and under the crude assumption of parabolic final state bands we can
understand for example the photon eneray sequence of the two dimen-
sional experimental bands between 4 and 6 eV in the first half of
the Brillouin zone by calculating K| using an inner potential of 14eWV.
The latter value was derived from the peaks in the I (U)-curves of the
LEED (0,0) beam. Obvious changes in the visibility of the peaks can
be related to changes of the unknown transition matrix elements.- Our
experimental bands agree to some extent with previous work in this
field [6-8]. However, our results are obtained with more low lyina
excitation lines on a number of samples of different growth origin.
They also appear to be taken with higher resolution which is parti-
cularly demonstrated in the near normal emission spectra where we ob-
serve a much steeper threshold at the Fermi level and also additional
well resolved structure.

The strong variation of the spectra with azimuth gives information
on the electron distribution when final states are properly taken in-
to account. Figure (3) shows a radial plot for the intensity as a
function of azimuth at a polar emission angle of 25° close to the
zone boundary taken with He I for the d-emission peak (upper half)
and the intensity ratio of the p-emission peaks at 2 and 3 eV (lower
half). Both plots show a characteristic threefold-symmetry related
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to the space group symmetry (D3 .- Slight shifts of the positions of

a few peaks have been observed between measurements in the high symme-
try direction M and those taken at an azimuth differing by 60°. This
may be also attributable to a three dimensional K, effect since in

two dimensions both directions should be strictly equivalent by symme-
try.

Figure (4) presents the energy distribution of VSe, for two photon
energies in M direction with polar angle & as parameter. As compared
to TiSe, there is a very strong emission close to the Fermi energy at
all polar angles except at ¥ = O. This peak is due to V 3d elec-
trons as can be inferred from a comparison with the TiSe. results and
the calculated band structures [3-5]. It has also been identified re-
cently for Hel excitation [ 9]. The two dimensional experimental bands
are shown together with calculated bands [3] in Fig. (5). The behavior
of the bands well below the Fermi energy and the agreement between
experiment and theory is similar to the case of TiSe,. But the strong d-
emission covers almost the entire Brillouin zone &s predicted theore-
tically. A crossing of the Fermi level close to J = O does not seem
totally excludable, but this would need a more sophisticated analysis
of the experimental data around 9= 0. As compared to other band
structures [ 4,5] that used for comparison with the experiment seems
to yield the best overall agreement in particular concerning absolute
energy values. The radial azimuthal plot of the d-emission near the
zone boundary shows a threefold symmetry with maxima in the M direc-
tion like that of TiSe, (Fig.3), but the intensity variations are not
as prominent.

In the course of our experiments we have investigated the spectra
of many samples differing in origin, growth temperature and transport
properties down to liquid N, temperature, especially in the case of
TiSez. Changes in the spectra, sometimes significant, have been ob-
served predominantly close to the Fermi energy. A prominent peak even
larger than the d-emission of VSe, has been observed in TiSe,, but
was not yet intentionally reproducible. Comparing all the data we feel
that the quality of the surface after cleaving and exposure to resi-
dual gases should not be neglected as compared to effects due to do-
ping and possible phase transitions in explaining the action at the
Fermi level, even though the v.d.Waals surfaces of layered materials
are considered as relatively inactive.
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