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Abmact. The unoccupied electronic states of the group Vb transition metal dichalmgenide 
compound vanadium diselenide have been measured up to about 10 eV above the Fermi 
level using isochromat momentum-resolved inverse photoemission. Bands along the r A  
direction of the Brillouin zone were probed by recording normal-incidence spectra at photon 
energies behveen 17 and 28 eV. Band dispersions in the two principal symmetry planes of 
the Brillouin zone, rALM and rAHK, were determined from off-normal-incidence spectra 
recorded at a photon energy of 20 eV. Strong features resulting from transitions into the 
unoccupiedV3d-derived bandsareseenataboutl eVandabout3 eVabove theFermilevel; 
the variation of the intensity of these features with the azimuthal angle of electron incidence 
reflects the three-foldsymmetryofthe lTcrystalatNcture adopted by VSe,. A broad feature 
centred at about 8 eV, and showing an onset at about 6 eV, is associated with higher-lying 
s/p bands while aweak peak at about 5 eV, which show no dispersion along I-A, is tentatively 
identified as a surface resonance. The results are compared with published band-structure 
calculations. 

1. Introduction 

The quasi-two-dimensional transition metal dichalcogenide compounds (TMDCS), 
MXrwhere M is a group IVb, Vb or VIb transition metal atom and Xis  a chalcogen 
atom, S, Se or Te-display a range of interesting physical properties (e.g. Wilson and 
Yoffe 1969, Mooser 1972-9) such as, for example, charge density wave structural 
instabilities (Williams 1976). Crucial to an understanding of the behaviour of these 
compounds is a knowledge of their electronic band structures. Angle-resolved electron 
spectroscopies enable us to probe these experimentally; information on the occupied 
valence bands isgiven by angle-resolved photoelectron spectroscopy (AWES) (e.g. Smith 
1978) whilst the dispersions of the unoccupied conduction bands above the Fermi level, 
EF, can be followed using momentum (k)-resolved inverse photoelectron spectroscopy 
(KRIPES) (e.g. Smith 1988). The results of such experiments provide a critical test of 
calculated band structures and the applicability of the theoretical methods employed to 
produce them. 
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FIgure1.InlhelTcrystalstructure ofVSe,, theSeandVlayersstacksuchthattheVatoms 
are octahedrally coordinated by Se atoms (a). As discussed in the text, the three-fold 
symmetry results in two distinct TM' azimuths; these are defined relative to the crystal 
structure in (b), in which a 11120) plane of the crystal stmcture is shown. 

Figure2.TheBrillouinzoneof the lT, Cd1,struc- 
lure. Shaded and unshaded wedges are equivalent 
by symmetry on their surfaces and along their 
edges but are inequivalent in theirinteriors. Zone 
dimensions are lrAl = 0.51 A-', lrM( = 
l . 0 8 k 1 ,  lrKl = 1.25.k'. 

The weak interlayer interactions in TMDCS make them particularly amenable to such 
angle-resolved spectroscopic studies. From an experimental point of view, they cleave 
readily to produce clean, well-ordered surfaces. Also, interpretation of the data is 
relatively straightforward since only slight band dispersion normal to the layers is 
expected, thereby reducing the problem of the indeterminacy of the electron's com- 
ponent of momentum perpendicular to the surface, k,  (Smith 1978). 

The group Vb TMDC vanadium diselenide, We2, has already been the subject of a 
number of AWES studies, all yielding information on the experimental valence band 
energies and dispersions (Hughes et a1 1980, Drude et a1 1980, Johnson et a1 1986). 
Combined with such data, optical reflectivity measurements (Bayliss and Liang 1984) 
can provide some information on the states lying above the Fermi level. More direct and 
detailed information though is given by KRIPES and we report the results of such a study 
in this paper. (A short account of this work has already appeared elsewhere (Law et a1 
1990).) 

VSe, adopts the lT, Cd12 crystal structure (DZd space group), the Se-V-Se sheet 
stacking sequence resulting in octahedral coordination of the V atoms by Se atoms. This 
crystal structure is depicted in figure 1, with the corresponding, relatively flat Brillouin 
zone being shown in figure 2. The overall three-fold symmetry of the 1T structure results 
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in asymmetry about the TKM plane of the Bnllouin zone (Wooley and Wexler 1977) 
and two distinct ‘I’M’ azimuths. These we shall denote as TM and TM‘, defined relative 
to the crystal structure as shown in figure 1 .  The TM (TM’) azimuth is that in which the 
first neighbour Se atom lies beneath (above) the I‘M direction. (This notation is in 
keepingwith that used by other workers, e.g. de Boer eta1(1984).) 

A variety of techniques have been used to calculate the theoretical band structure of 
VSe2. Wooley and Wexler (1977) used the layer method, Zunger and Freeman (1979) 
performed a fimt-principles self-consistent (non-muffin tin) local density functional 
calculation and Myron (1980) employed the augmented plane wave method. All these 
calculations give qualitatively similar results but that of Zunger and Freeman (1979) 
(hereafter referred to as ZF) has been found to give the best overall agreement with 
ARPES data (Drube ef  a[ 1980, Johnson ef a[ 1986) and optical reflectivity data (Bayliss 
and Liang 1984). Therefore, it is primarily with this calculation that we shall compare 
our KRIPES results. 

The valence bands are formed from o-type bonding combinations of Se 4p orbitals 
with some V 3d and 4p character; their antibonding o*-type counterparts lie about 7 eV 
higher in energy. Within this bonding-antibonding gap are found the V 3d-derived 
bands, ligand field split into t2,-like (mainly d 9 ,  dzy and d,zyz) and edlike (mainly d,, 
and dyi) sub-bands. The trigonal distortion of the lattice (cia = 1.82) further splits the 
lower energy ‘t,; sub-band with the singly-degenerate ‘d,z’-like band being partially 
occupied to give the observed metallic behaviour. The unique ability of KRIPES to probe 
directly states lying between the Fermi level and the vacuum level makes it an ideal 
technique for studying the energies and splittings of these dbands. Indeed, the usefulness 
of the technique for studying the band-structures of TMDCS has already been demon- 
strated by other workers, notably Skibowski’s group in Kiel who have carried out work 
on TiSe, (Drube et al1984,1987, Straub er al1985), TiTe, (Drube et all987) and TaSz 
(Claessen eta1 1990). 

The layout of the paper is as follows. After giving experimental details in section 2, 
the normal incidence and off-normal incidence results are presented and discussed in 
section 3. In section 4, the variation of the intensity of photon emission with azimuthal 
angle of electron incidence is briefly considered. Conclusions are drawn in section 5. 

2. Experimental details 

The inverse photoemission measurements were made using the  PES grating spec- 
trometer at Liverpool (Andrews 1988), an apparatus which operates in the isochromat 
mode. The photon flux emitted at a fixed photon energy is measured as the incident 
electron energy is scanned; total energy resolution is typically around 0.6eV at 20 eV 
photonenergyand momentum resolution isabout0.1 A-’. The electrongunandgratingf 
photon detector combination are fixed so variation of the polar angle of incidence, 8 ,  
of the electron beam is achieved by rotation of the sample. For the data presented here, 
positive (negative) angles of incidence correspond to rotation of the sample towards 
(awayfrom) the grating-see figure 3. 

The VSe,samples, typically 3 x 3 “’in size, were glued to copper mounting plates 
using a silver-filled conducting epoxy adhesive (Ablebond 36-2). To achieve in uacuo 
azimuthal rotation of the samples on the x ,  y ,  z manipulator, these copper plates were 
attached to a holder that could be azimuthally rotated in a crude, but effective, manner 
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Figure 3. Definition of the angle of electron incidence. B.  Positive B values (a) correspond 
to rotation of the sample normal, n, towards the grating. Negative B values (b) correspond 
to rotation of the sample normal, n,  away from the grating. 

by use of a wobble stick. Clean surfaces were obtained by cleaving the samples in ultra- 
high vacua of better than 5 x lo-'' mbar. 

Low energy electron diffraction (LEED) was used to determine the azimuthal orien- 
tation of the samples. The three-fold symmetry of the 1T structure reveals itself in the 
intensity of the first order LEED beams; depending on the incident electron energy these 
are more intense along either the TM or TM' azimuth. By relating the observed LEED 
pattern to the intensity of photoemission from the occupied part of the 'd,z' band- 
which is known to be greater along the TM azimuth than the l3i' azimuth in related 
TMDCS whose orientation has been determined by x-ray diffraction (Smith and Traum 
1975, de Boer eta11984)-theTMand TM' azimuthscan beidentified (Starnberg 1990). 
For example, for a primary beam energy of 67 eV the first-order beams are more intense 
alone the TM azimuth. It should be noted that such considerations lead to the omosite 

I. 

assignment of the TM and TM' azimuths to that given in our earlier paper (Law er a1 
1990). 

3. Results and discussion 

In order to determine band dispersions as a function of k, i.e. along TA, normal- 
incidence (141 = 0) spectra were recorded at photon energies between 17 and 28 eV. 
These are shown in figure 4; the spectra have been plotted to the same maximum 
intensity, after normalizing the measured photon flux to the incident electron charge. 

Four distinct features are seen in the normal-incidencespectra: strongpeaks at about 
1 eV and about 3 eV above EF, a weak peak at about 5 eV and a broad feature centred 
at about8 evandsbowingathresholdat about 6.5 eV. In addition, ashoulder isapparent 
on the high energy side of the -1eV peak in the 17eV spectrum. All the peaks 
show less than 0.6 eV dispersion over the photon energy range studied, confirming the 
expected weak dispersion of the states along TA. 

In order to reduce the features in the spectra of figure 4 to a plot of final-state energy, 
E,  against k,, a knowledge of the initial states involved is required. Usually some 
approximation to these has to be made since theoretical band structures rarely extend 
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Figure 4. "mal-incidence isochromat  PES spectra recorded atphotonenergiesbenen 
17 and 28 eV. 

to sufficiently high energies. Here we adopt a free-electron-like approximation for the 
initial states, as has been used previously for other TMDCS (Straub er a1 1985, Drube eta1 
1987). (k,( is then given by: 

Ik, 1 = (2m/fP)'/2(E + I/&'* 
where E is the kinetic energy of the initial-state electron relative to the vacuum level, V, 
is the inner potential and m is the electron mass. Using a value of V ,  = 10.2 eV, i.e. 
placing the bottom of the free-electron-like band at the valence band minimum at r of 
the ZF calculation and using a value of 4.4 eV for the work function (Hughes er al1980), 
gives the Elk, plot shown in figure 5; the data have been reduced to the first Brillouin 
zone by subtraction of the appropriate reciprocal lattice vector, G = (003). For 
comparison, the theoretical bands of the ZF calculation are also given in this figure. 

Three of the features can now be identified. The strong peaks at about 1 eV and 
about 3 eV arise from transitions into the V 3d-derived 't2;- and 'e,'-like sub-bands 
respectively and the broad feature at about 8 eV results from transitions into the anti- 
bonding o*-type bands. The feature at about 5 eV, which cannot be so readily associated 
with any of the calculated bands, will be considered later after discussion of the d-band 
peak energies in both these normal-incidence data and the off-normal-incidence spectra. 

Although a free-electron-like initial-state band is only an approximation, some 
confidence in its use is given by the fairly good agreement found between our data 
and the ZF calculation. The predicted upwards dispersion from r to A of the doubly 
degenerate A3 'e; band is seen in our data, though the change in peak energy from 
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Figure 5. Features in the normal-incidence KRLPES spectra 01 figure 4 reduced to a final-state 
energy versus k, diagram assuming a free-electron-like initial-state band as discussed in the 
text. e, strong features; 0, weak features. The width of the broad feature centred at about 
BcVisindicafed bythestraighl lines. Su~erimposedforcomparison are rhccalculated bands 
of Zungerand Freeman (1979). 

2.7 eV in the 28 eV spectrum (close to r) to 3.3 eV in the 17 eV spectrum (near to A) 
implies a dispersion of about 0.6eV, greater than the -0.2eV dispersion of the 
Tf-A: band predicted by ZF and the A3 bandwidths of 0.2 and 0.3 eV calculated by 
Wooley and Wexler (1977) and Myron (1980) respectively. The experimental data also 
imply that the ZF calculation underestimates the binding energy of this As band by about 
0.6 eV, the experimental mid-point energy being 3.0 eV compared with 3.6 eV in the ZF 
calculation, On the other hand, the other calculations both overestimate the binding 
energy of this band by about 0.5 eV, their mid-point energies being about 2.5 eV. 
Interpretation of their optical reflectivity measurements led Bayliss and Liang (1981) to 
suggest that the d-band energies calculated by ZF needed to be lowered by 0.2-0.3 eV. 
Our results indicate that for the ‘e; band a somewhat greater increase in binding energy 
than this is required. 

The trigonal distortion of the octahedral crystal structure splits the lower energy ‘t2; 
manifold into a singly degenerate A, (mainly ‘dzz’) band and a doubly degenerate A3 
(mainly ‘d?’ and ‘dx2+z’) band. The shoulder at about 1.2eV in the 17eV spectrum 
implies a value of about 0.6 eV for this splittingclose to the A point, assuming the lkLl 
determination is not unreasonable. This experimentalvalue isgreater than the predicted 
Aj-A; splitting: -0.2 eV in the ZF calculation, -0.1 eV in the Wooley and Wexler 
(1977) calculation and -0.3 eV in the Myron (1980) calculation. Interlayer interactions 
cause the A 3  and A t  bands to cross over between A and r (Wooley and Wexler 1977), 
the A t  band moving to just below EF near the rpoint. Unfortunately we cannot follow 
these dispersions across the Brillouin zone as the experimental resolution deteriorates 
with increasing photon energy. However, the observed change in intensityof the -1 eV 
peak with photon energy might, at least in part, be explained by this predicted band 
behaviour; the increase in intensity of this feature in the 24 evspectrum, and subsequent 
decrease at higher photon energies, could result from the downward dispersion of the 
A ,  band through the A3 band and to below EF at r. In the ZF calculation the splitting at 
r (rT-I‘$) is 0.93 eV. This is larger than the value of about 0.3 eV found in the other 
calculations (Wooley and Wexler 1977, Myron 1980) but consistent with our data, 
assuming that the weak peak in the 28 eV spectrum represents the I’l state and that the 
r: state lies just below &as indicated by photoemission (Hughes eta/ 1980, Drube et 
a1 1980, Johnson eta1 1986). 



Vanadium diselenide electronic states 819 

a) rALM b) rAHK 

Energy above Fermi level (eV) 
Fignre 6.Off-normal-incidence 20 eV isochromat KRlPESspectra recorded in (a) the rALM 
plane and (b) the rAHK plane of the Brillouin zone. 

The kli dispersions of the features seen in the normal-incidence spectra were followed 
by recording 20 eV isochromat spectra at off-normal polar angles of electron incidence 
in the principal symmetry planes of the Brillouin zone, I'ALM and TAHK; these spectra 
are shown in figure 6. As for the normal-incidence spectra, the measured photon flux 
has been normalized to the incident electron charge. The TAHK spectra were recorded 
after the normal-incidence measurements shown in figure 4. Spectra obtained in this 
symmetry plane from another crystal immediately after cleaving gave the same peak 
energies but had a lower peak-to-background signal ratio due to an inferior quality 
cleave. The rALM spectra were obtained immediately after cleaving a third sample. 
For the spectra recorded in the TALMplane, positive (negative) polaranglescorrespond 
to electronsincident along the TM (TM') azimuth, i.e. kllin the TAL'M' (I'ALM) plane. 
A photon energy of 20 eVwas chosen primarily so that the initial-state energies involved 
in transitions to final states close to EF would be the same as the final states populated 
in He I(21.2 eV)-excited photoemission from states just below EF. It also represents 
something of a compromise between instrumental resolution and data acquisition time. 
Whilst the resolution is better at lower photon energies, the electron gun/grating com- 
bination is less efficient. 

Features in the spectra of figure 6 have been reduced in the usual manner (Hughes 
and Liang 1973) to produce the Elk11 plots given in figure 7. We again include the 
theoretical bands of ZF in this figure; bands in both the I'KM and AHL planes are given 
because KRIPES, l i k e ~ R P ~ s ,  tend to averageover the height ofthe relatively flat Brillouin 
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Figure 7. Final-stale energy versus diapams for (a) features in rALM spectra and (b) 
features in rAHK speclra. 0, strong features; 0, weak features, The width of the broad 
feature above about 6 eV is indicated by the straight lines. Superimposed are the calculated 
bandsoiZungerandFreeman (1979)fortherKM(-)andAHL(- --)planesofthe 
Brillouin zone. 

zones of TMDCS. Band dispersions along the edges of the TALM and TAL'M' planes are 
identical because the band structure is six-fold symmetric on the mid-plane, TKM, and 
top face, AHL, of the Brillouin zone. However, small differences are possible away 
from the edges. This might account for the slight differences in the 'e; peak energy seen 
in spectra recorded with the electrons incident in the I%l azimuth and in the TM' 
azimuth. 

In table 1 we compare our experimental critical point energies with those found in 
the three theoretical band structures. Overall, the z~calculation shows the best agree- 
ment with our data. For example. only ZF correctly predict the overall downward 
dispersion of the 'e; sub-band from T(A) to M(L). Also, the observed small dispersion, 
-0.4 eV, of the 't2; peak in the rALM plane favours the ZF calculation. Both Wooley 
and Wexler (1977) and Myron (1980) predict an upwards dispersion of about 1-1.5 eV 
from T(A) to M(L) of the 'dv' and 'dx2_y2' components of the 't2; sub-band. 

At the zone centre, the experimental bands are observed at higher energies than 
predicted by Wooley and Wexler (1977) and Myron (1980). Whilst 'self-energy' effects 
would shift the experimental bands to higher energies than predicted by 'ground-state' 
calculations, such effects are expected to be less important for a metallic sample, such 
as VSe2, than for semiconducting or semimetallicsamples (e.g. Himpsel1990). Anyway, 
a detailed discussion of such effects here is precluded by the wide variation in the 
'ground-state' energies predicted by the three calculations. 
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Table 1. Critical point energies of the unoccupied bands of VSe, predicted by the band- 
structure calculationsof Wooiey and Wexler (1977), Zungerand Freeman (1979) andMyron 
(1980), together with theexperimentalvalnesdetermined in t h i s ~ ~ ~ ~ ~ s s t u d y .  The bandsin 
the left-hand column are given in order of increasing r, M and K critical-point energies in 
the Zunger and Freeman (1979) calculation. (Note that the order of the components of the 
‘t%’ and ‘e; sub-bands along ML differs in the Myron (1980) calculation.) The e m r  in the 
experimental energiesis 50.1 eV. 

Wooley and Zunger and Myron W P E S  
Critical point Wexler (1977) Freeman (1979) (1980) This work 

-0.0 (0.3) 
0.2 (0.2) 

2.4 (2.6) 

4.5 (5.7) 

l.Z(l.3) 
1.2 (1.3) 

2.4(3.1) 
2.6 (2.3) 

5.2(3.6) 

0.7(0.8) 
1.0 (0.6) 

l.g(Z.4) 

4.6 (5.6) 

-0.0 (0.9) 

3.5 (3.7) 

0.9 (0.7) 

7.1 (7.5) 

0.6 (0.6) 
1 . 1  (1.0) 

3.0 (3.7) 
3.5 (3.0) 

7.3 (6.0) 

0.5 (0.3) 
1.0 (0.7) 

2.3 (3.1) 

5.7(7.8) 

-0.1 (0.6) -0 . l t  (1.2) 
0.3 (0.3) 0.8 (0.6) 

2.3 (2.6) 2.7(3.3) 

_ _  >6.8(>7.2) 

1.5 1,7(1,8) (1.5) 1 0.9 

2.7 2.8(3.5) (2.4) 1 2.6 

- (3.5) >6.0 

Z.Z(Z.8) 2.4 

>6.0 _ _  
t This value is extracted from published ARPES results (Johnson ern1 1986). 
t In the Wooley and Weder (1977) calculation this lowest energy sip band has K ,  (H,) 

symmetry. 

By taking the difference between mid-point energies of the observed dispersions of 
the ‘t2g) and ‘e; bands, we can obtain an experimental estimate of the ligand-field 
splitting. The value ohtained-1.8 ev-compares favourably with the value of 1.7 eV 
quoted by ZF for the centre-of-gravity splitting of these bands and with the value of 
1.6eV estimated by Webb and Williams (1975) from soft-x-ray appearance potential 
spectroscopy (SUPS) data. 

Using AWES, Johnson et a1 (1986) demonstrated that the p and d valence bands 
overlap at r to produce a small hole pocket. Although we are not able to detect this with 
the present experimental resolution, we can perhaps infer that a band crosses EF by 
inspecting the photon emission intensity at the Fermi level, I(&), as a function of 4,. 
This information is plotted in figure 8. (The asymmetry in the intensity at positive and 
negative $ in the rALM plane is considered in section 4.) 

In the rAHK plane, a small increase in I(&) is seen at llq - 0 . 2 k ’  (0 = +So), 
where a decrease in the intensity of the ‘d,z’ photoemission peak due to hybridization 
with the p band was seen by Johnson et al(l986). I(&) also increases at lklll- 0.8 A-’ 



822 A R Law et al 

Figure 8. The measured photon emission intensity at the Fermi level plotted as a function of 
&,for (a) rALM spectra and (b) rAHK spectra. The intensity scale is the same for both 
DlOU. 

in the rAHK plane, where the 'dZz' band is predicted to disperse above EF along rK. 
Along TAL'M', the decrease in I (EF) seen around M' (L') reflects the fact that the 
'dz>' band has moved further below EF to a minimum at the L critical point. 

We now consider the two higher energy features in the spectra, namely the weak 
peak at about 5 eV and the broad feature at about 8 eV. 

The -5 eV peak shows little dispersion in the normal-incidence spectra i.e. along 
TA. In the off-normal incidence data, however. the feature moves upwards in both the 
rAHK and rALM planes, merging into the broad, higher energy feature for 101 > 20". 
A similar peak was seen for TiTe2 and TiSe, by Drube et a1 (1987) and interpreted as 
the n = 1 image potential state, lying 0.7eV below the vacuum level and having an 
effective mass m*/m = 1.5 in the case of TiTe2. Although we were not able to measure 
the work function of our sample, the value of 4.4 eV determined by Hughes er al(1980) 
from the secondary electron CUI-Off Of AWES spectra, and confirmed by Starnberg (1990) 
usingthe same method, would rule out identification of this feature as an image potential 
state since it would lie about 0.6 eV above the vacuum level. 

The ZF and Wooley and Wexler (1977) calculations show considerable differences in 
the energies of the U* bands, which are derived primarily from the V 4s and 4p orbitals. 
(The Myron (1980) calculation does not extend to such energies.) The lowest U* band 
at r lies at about 7 eV above EF in the ZF calculation and at about 4.5 eV in the Wooley 
and Wexler (1977) calculation. Therefore, the presence of a feature at about 5 eV in the 
spectra could indicate inaccuracies in the ZF calculation. On the other hand, these s/p,- 
derived bands are predicted to show an upwards dispersion of about 1 eV along TA; this 
is not seen in the normal-incidence data. The observed lack of k ,  dispersion suggests 
another possibility: the feature could result from transitions into a surface resonance 
lying between the d bands and the U* bands. However, although the sample was not 
deliberately dosed to check the sensitivity of this feature to surface contamination, it 
apparently decreased in intensity no faster than other features in the spectra as the 
sample gradually became contaminated over time. Therefore, the origin of this feature 
must remain somewhat uncertain. 

Tentative identification of the -5 eV feature as a surface resonance within the d- 
band-o*-band gapissupported by the goodagreement found between the broad feature 
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MA') kldk') 

(a) (b) 

Figure 9. The measured photon emission intensity (peak height) of the 'tD1 peak (0) and 
the 'e; peak (0) plotted as a function of k, for (a) the rALM spectra and (b) the rAHK 
spectra. The intensity scale is the same for both plots. 

centred at about 8 eV, and having a threshold at around 6 eV near the Brillouin zone 
boundaries, and the energies of the U* bands in the ZF calculation. For example, this 
broad feature shows the expected general downward dispersion from T(A) to H(K). 
Such an interpretation of our data gives little support for the suggestion of Bayliss and 
Liang (1984), based on their optical reflectivity data, that the energy of the U* bands is 
underestimated by 1-2 eV near M and K in the ZF calculation. 

4. d-band intensities 

In this section the intensity of photon emission resulting from transitions into the 
d-bands is briefly considered. Inspection of the off-normal-incidence spectra reveals 
different d-band peak intensities along the two distinct TM azimuths; this is illustrated 
in figure 9, where the heights of the 't2; and 'e; peaks are plotted against kll for both 
principal symmetry planes. (A slight difference in intensities at positive and negative 
anglesofincidence isevident alsoin the TAHKdata, indicating that asmallexperimental 
intensity asymmetry arises from the different photon colleclion geometries4ee figure 
3.) Such an asymmetry in the photon emission intensity between the TM and TM' 
azimuths-which reflects the three-fold symmetry of the crystal structur+has also 
recently been observed by Drube et a1 (1987) in their KRIPES study of TiTe, and by 
Claessen et ai (1990) for 1T-TaS2. 

Anisotropy in the intensity ofphotoemission from the occupied d band of 1T-TaSe, 
and 1T-TaS, as a function of azimuth angle was observed by Smith and co-workers 
(Smith and Traum 1975, Traum and Smith 1975a, b, Smith et ai 1976) in the early days 
of angle-resolved photoemission. The effect has since been seen for a number of ~ D C S .  
In the case of VSe2 (Hughes et a1 1980, Drube ef a1 1980, Johnson era1 1986, Stamberg 
1990), the intensity of He I(21.2 eV)-excited photoemission from the occupied portion 
of the 'd,z' band is greater along the TM azimuth (kll in the TALM plane) than along the 
TM' azimuth (k,, in the TAL'M' plane). This is in the same sense as the asymmetry seen 
for 1T-TaS, by Smith and Traum (1975). Noting that the stronger emission was along 
directions corresponding to electron trajectories that avoided nearest-neighbour chal- 
cogen atoms in the top layer, they speculated that this might be a shadowing effect, the 



824 

chalcogen atoms in the top layer being opaque to electrons emitted from the metal 
atoms, After further work at different photon energies and polarizations (Traum and 
Smith 1975a, b, Smith et a/ 1976), they abandoned thissuggestion. 

Another explanation for the observed three-fold symmetry involved the modulating 
effect of the momentum matrix element of the optical transition, the azimuthal intensity 
pattern then reflecting the angular dependence of the d orbitals involved. Smith and 
Traum (1975) showed that the pattern observed at hv = 10.2 eV was consistent with the 
angular orientation of t ,  rather than e, orbitals. However, to account for fine structure 
in theazimuthal patterns, Liebsch (1976) foundit necessary to includemultiplescattering 
in the final state. 

W ~ ~ ~ K R I P E S  boththe't2,'-like and 'e,'-likesub-bandsareprobed.Thematrixelement 
effects discussed by Smith and co-workers would be expected to give different azimuthal 
intensity behaviour for these sub-bands since they have different spatial distributions. 
Indeed, such effects probably account for the different relative intensities of the 't2; and 
'e; peaks along I'M and I'M' (compare, for example, the +20° and -20" spectra 
in figure 6(a)). However, the absolute intensity of photon emission resulting from 
transitions into both d sub-bands is greater for electrons incident along the I'M azimuth 
(kll in the TAL'M' plane) than for electrons incident along the TM' azimuth (kll in the 
TALM plane), suggesting that initial-state effects are important, 

It is difficult to draw many conclusions from our somewhat limited data set and 
further experimental and theoretical work is clearly required. For example, in order to 
follow more closely the intensity changes as a function of polar angle of incidence, it 
would be desirable to rotate the electron gun rather than the sample and so keep fixed 
the angle at which the photons are collected. With the present arrangement this varies 
as the sample is rotated, so changing the polarization weighting of the light detected. 

A R Law et a1 

5. Conclusion 

By application of the inverse photoemission technique, we have been able to elucidate 
the essential features of the unoccupied band structure of vanadium diselenide up to 
about lOeV above the Fermi level. Normal-incidence spectra recorded over a range of 
photon energies and off-normal-incidence spectra recorded at 20 eV photon energy give 
information on the dispersion of bands as a function of k ,  and k, respectively. 

Of the three published theoretical band structures of this material, that of Zunger 
and Freeman (1979) is found to give the best overall agreement with our experimental 
findings. It predicts fairly well the energies and ligand-field splitting of the 't2,' amd 'e; 
d sub-bands, as well as the general trends in their dispersions along the principal 
symmetry directions of the Brillouin zone. Goodagreement is also found for the higher- 
lying s/p conduction bands at about 6 eV and above. However, within this framework, 
a non-k,-dependent peak at about 5 eV has to be tentatively assigned to a surface 
resonance lying between the d and s/p bands. 

Whilst our data support the suggestion of Bayliss and Liang (1984) that the d sub- 
band energies may be underestimated by about 0.2 eV in the Zunger and Freeman 
calculation, at least in the case of the 'e; band, we find no support for their suggestion 
that the s/p band energies are underestimated by about 1-2 eV, unless the peak seen at 
about 5 eV is associated with a bulk band. 

Anearlier ~ r u ~ ~ s s t u d y o f  thegroupIVbm~C,TiSe~ (Drubeetall984.1987,Straub 
etal1985), also favoured a Zunger andFreeman band structure calculation (Zunger and 
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Freeman 1978). Our results thus provide further confidence in the ability of their local- 
density-functional methods to produce realistic band structures for WDCS. Obviously, 
though, most of the interesting physics of these materials involves states around the 
Fermi level. Whilst WIPES is clearly a very valuable technique for elucidating general 
details of the unoccupied band structures of TMDCS, a considerable improvement in 
experimental resolution will be required before the technique can provide the same 
detailed information on the states just above EF as is provided by high-resolution AWES 
studies of the states just below EF (e.g. Anderson et a1 1985, Johnson eta! 1986). Only 
thenwillit bepossible totestfullythepredictivepoweroftheoryinthisregionofinterest. 
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