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Valence-band structure of @-MoTe, by angular-resolved photoelectron spectroscopy
in the constant-final-state mode
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In this work a complete valence-band structurexefoTe, using angular-resolved photoelectron spectros-
copy (ARPES with synchrotron radiation is presented. The dispersion along the perpendicular comi)pnent
of the wave vector is found to be non-negligible for a number of states, especially at higher binding energies.
The effect of thisk, dispersion on the determination of the exact dispersion of the individual statesl%;long
is discussed. By performing ARPES in the constant-final-state mode for off-normal emission spectra, at least
the IZ” component can be determined unequivocally. Comparison of theoretical calculations with the resulting
experimental valence-band structure shows partial agreement.
[S0163-182699)01131-3

[. INTRODUCTION atom;b,a: Mo atom.® A Mo-atom layer is sandwiched be-
tween two Te-atom layers and above the one Te-Mo-Te layer
MoTe, belongs to the large family of layered transition the following Te-Mo-Te layer is shifted such that the Mo
metal dichalcogenided. TMD) whose crystal structure re- atom is directly above a Te atom of the first layer. These
sults from the stacking of sheets of hexagonally packed atayers are held together only by weak van der Waals forces
oms in the sequence Te-Mo-Te, Te-Mo-Molybdenum di-  which give rise to the quasi-two-dimensional character of the
telluride crystallizes in two forms. The so-calleg@-MoTe,  electronic structure. One unit cell and the corresponding first
form or high-temperature modification, stable above 900 °CPrillouin zone are displayed in Fig. 1.
has a monoclinic structure and shows metallic conduction From the lattice parameterg=3.517 A andc=2
behaviol similar to WTe.? The MoS type—also denoted x6.981=13.962 A (Ref. § the reciprocal lengths of the
as a-MoTe,—is the polytype stable below~815°C. high-symmetry lines are as given in Table I.
a-MoTe, is a semiconductor with an indirect band gap of Single crystals ofa-MoTe, have been grown using the
1.0 eV and a direct optical band gap of 1.1 €8ince the chemical vapor transport methd@VT). We used bromine
optical band gap ofx-MoTe, matches well with the solar as the transport agent and therefore the semiconducting char-
spectrum, this material is used for electrodes in high effi-acter is ofn type?
ciency photoelectrochemic4PEQ cells* As in all molyb- Coarse orientation of the samples was achieved by Laue
denum dichalcogeniddge., MoS,, MoSe, and MoTe) the  and by low-energy electron diffractio. EED) patterns. In
phototransitions involve nonbondimtjorbitals of Mo atoms.  Fig. 2 a LEED pattern oix-MoTe, taken with an incident
Therefore, these materials can be expected to resist holelectron energy oEy,=84 eV is shown. As can be con-
induced corrosion. Despite the major importance of cluded from the sharpness of the diffraction pattern, the
a-MoTe, in solar cell production, no precise band structuresingle crystals are of high quality.
determination has been reported yet. After preadjustment the crystals were cleavedsitu by
Early photoemission studies om-MoTe, show hardly  knocking off a small aluminum post which was glued on top
any agreement with theofy. As will be shown in the of the samples. This was done Requal to room tempera-
present work, the assumption of flat bands in the directioiure  under  ultrahigh-vacuum  conditions p<2
perpendicular to the surfates inaccurate and therefore the X 107 1° mbar) to minimize surface degradation or contami-
band structure needs to be revisited with more accurate exation. Immediately after the cleavage a reference spectrum
periments. This work supersedes previous measurements lwas recorded to check the surface quality from time to time.
using the constant-final-statéCFS mode of angular- Even after 40 h of data acquisition at room temperature no
resolved photoelectron spectroscd\RPES with synchro-
tron radiation. This is essential, because the spectra recorded
at a photon energy div=21.22 eV(i.e., He | a of helium
resonance lampn normal emission are close to thepoint
of the Brillouin zone. Consequently one can never reach the
I' point and decide where the valence-band maximum is lo-
cated.

Il. EXPERIMENTAL DETAILS

The 2H polytype of the crystal structure efMoTe, is FIG. 1. Crystal structur¢a) and the first Brillouin zonéb) of
characterized by a stacking sequend®ABaB (A,B: Te  a-MoTe,.

0163-1829/99/6(T)/46757)/$15.00 PRB 60 4675 ©1999 The American Physical Society



4676 BOKER, MULLER, AUGUSTIN, JANOWITZ, AND MANZKE PRB 60

TABLE I. Reciprocal lengths of the high-symmetry lines of image plane. Small starting angles are focused closer to the

a-MoTe,. electro-optical axis. The aperture at the image plane allows
only those electrons to pass which have a sufficiently small
A = 0.225 A starting angle. The angular resolution is determined by the
I'M = 1.030 A"t size of the aperture at the image plane and here a constant
I'K = 1.190 A™* angular resolution of better thand=<0.4° is achieved®
MK = 0.595 At Photoemission spectroscopy can be performed in several

different modes to determine the occupied band structure.
Most common is the energy distribution cur¢€DC) mode
significant changes were observed. This is due to the crystala which the photon energy is held constant and the detected
cleaving at the van der Waals gap, resulting in a rather inefkinetic energy is varied. With the emission ange(with
surface. respect to the surface normahd the detected kinetic energy
The measurements have been performed at the synchrg;. of the photoelectrons the wave-vector component paral-

tron radiation center HASYLAB in Hamburg, Germany. A 3 |e| to the planes is determined by the dispersion relation
m normal incidence monochromator with a photon energy

range ofhv=9,...,30 eV and anonochromator resolution o1
of about 30 meV has been used at the HONORMI beamline [ky|= g\/ZmeEkm sin. (1)
of the storage ring DORIS. The photoelectron spectrometer
is a homemade hemispherical deflection analyzer mounted .
on a two axis goniometer. For the measurements presented Thek, component is not conserved as the electron travels
here we have chosen a monochromator resolution of 30 methrough the crystal surface. For many three-dimensional
and an analyzer resolution of 50 meV, yielding an overallcrystals the final state can be well approximated by free-
resolution of 60 meV. electron parabola:

The entrance optics of the analyzer consists of a four-
element electrostatic lens system which can be operated in . 1
two different modes. The first is the spatial resolving mode k. |= g\/zme(Ekin cos 9+ Vo). ()
with a constant linear magnificatiod ;,= —0.5. Electrons
originating from the object plane, i.e., the sample, with the
same start radius with respect to the electro-optical axis but
with different angles are focused at the same exit radius o ! . . . o
the image plane, i.e., the Herzog plate of the analyzer. B TMRS' The inner popenUaIQ/o |shch§1r§1cter|st|c of each
using an entrance aperture 1 mm in diameter, only thos e;rlnlpze and recent studies show t at_lt |s_ even dependent on
electrons that originate within a region of the sample 2 mmK.~* Therefore, an accurate determination of the absolute
in diameter are detected by the analyzer. In this mode, elec/alue ofk, for each spectrum along ary direction cannot
trons coming from outside the electron optical focus are supbe performed without explicit knowledge of the shape of the
pressed. final states. Only for normal emission can IELecomponent

The other mode is the new angular resolving mtin  pe determined by the critical points which can be found pre-
this mode the electrons starting from the sample with thesisely from the symmetry of the dispersion of the uppermost
same angle but with different radiwith respect to the pang along"AT'. Furthermore, the critical points at the Bril-
electro-optical axis are focused at the same radius at theI . =

ouin zone edge can be found also, but the component

remains undetermined. This is not critical, since all valence
bands show negligible dispersion in the direction perpen-
dicular to the planes at the zone edge and an accurate deter-

mination of thek, component near the zone edges is not
necessary.

Equations(1) and (2) show that bothk components de-
pend on the kinetic energy. Therefore, the emission features
in an EDC spectrum are affected by a dispersion in both
directions. For a strong dispersing band the corresponding
peaks appear asymmetric within the EDC spectra. The
former can be circumvented in the constant-final-state mode
where bothk components K| andk, ) are kept constant. A
spectrum at a new value of e.ﬁH,, is adjusted by choosing
a couple Eyp,,d) for which k, remains constant. Thie,
component is calculated from E), but the resulting value
cannot be taken to determine the exact position within the
Brillouin zone. It is only a value from which together with
Eq. (1) the couple Ey,,?) is calculated. The range of these

FIG. 2. LEED pattern ofx-MoTe, taken with an incident elec- values is limited by the monochromator energy range so that
tron energy ofE,;,=84 eV. not all high-symmetry directions were accessible. All mea-

This approximation fails, if the final states are not free-
lectron-like as is the case for the more two-dimensional
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from the photon energy dependent spectra series perpendicular to

FIG. 3. Energy distribution curve at thd point (hv ok
the cleavage plane(=0°) shown in Fig. &).

=15.75 eV) with assignment of the emission featuisee text

) . energy of this peak is plotted in Fig. 4. Clearly, two maxima
surements have been performed with an overall resolution af ¢ yisiple athv=15.75 eV anchv=26 eV which corre-

about 60 meV and a maximum acceptance angle of the phpond to high-symmetry points of the Brillouin zone. In ac-

toelectrons ofA §+1.05°. cordance with the similar band structures alohd of
MoSe, and MoS (Ref. 16, they are related td" points.
With the reciprocal length oF AI'=0.45 A and by using

We assignd as the polar andy as the azimuthal angle E9- (2, @ median inner potentiaV, thus obtained is 14
with respect to the surface normal. The surface normaf-l €V.Again we denote that this value can vary by about
(99, @0) is found by using the symmetry of ARPES spectra2—3 €V withk according to Ref. 11.
along high-symmetry directions. Since the upper valence Apart from strong intensity modulations due to photon
bands show significant dispersion, this adjustment is vergnergy dependent transition probabilities, strongly dispersive
accurate. The spectrum at tRepoint is displayed in Fig. 3 Ppeaks are observed in Fig(éh about—1.2 eV below the
(hv=15.75 eV) and for the sake of clear notation, all emis-valence-band maximum. These can be ascribed to bonding
sion features were assigned alphabetically. Te 5p, orbitals since they are oriented out of plarie.

In order to investigate the dependence of the dispersion d¥icGovern and co-worket§® carried out photoelectron
the bands perpendicular to the cleavage plane, the first spegpectroscopy in the EDC mode anMoTe, and assumed
tra series was been recorded at normal emissibn@°) for  flat bands in the direction perpendicular to the plahe (
varying photon energiefsee Fig. 58)]. The spectra were direction. They concluded that due to the complexity of the
lined up by a standard technique of photoemission on semband structure and the emission process, the information re-
conductors given by, e.g., Ref. 13. Explicitly, the energy axidating to the band structure cannot be extracted from

of all spectra in common has been related to the valencearpes®é We found that theiﬂZH band structure is a combi-

bandtmaX|mlJ_n1\{[I?:[hM), soltis g|vent.|n b'nfz.'ng er;etr_gy.tAII nation of the dispersions in the andk, directions. Despite
spectra remain at the same energetic position refative 1o agh,,; dispersion of the bands in the direction perpendicu-
other and therefore the dispersions are not caused by math-

ematical treatment. The charging of the sample can be ded' t© the planes in comparison to the dispersion allpg
tected by irradiating the sample with different photon fluxes,Nfluence on their EDC spectra by asymmetric emission fea-
leading to an energy shift of the emission features. None wal!fés is clearly observed. To ensure tiiat our data all
observed within the experimental accuracy. measured statds(k) are unaffected by a dispersion within a
For a precise determination of the peak positions we useg@pectrum, all other spectra are recorded in the CFS mode. As
a curve fitting program based on the Levenberg-Marquardpointed out in the section above, in this mode Iﬁwand k,
algorithm?* The model function is created by convoluting a components are held constant. The resulting spectra were
sum of peaks plus Shirley backgrodidvith the Gaussian more easily fitted due to the absence of asymmetric emission
shaped spectrometer function. Emission featores have a  features, except for featuresand (b).
Lorentzian line shape which is in agreement with the physi- From the spectra along tHeA, TK(H), MK(LH), and
cal nature of the electronic states. The topmost peak is asyni*M (L) directions shown in Figs. 5 and 6, it was easy to
metric and its line shape could not be clarified yet. Thereforeletermine the complete detailed valence-band structure,
it is approximated by a sum of two Gaussian-like line shapesince the spectra show sharp features due to the enhanced
aand (). In the following only the energetic peak position energy and angular resolution compared to the previous mea-
of peaka, which is the maximum of the observed asymmet-surements. Again, the spectra were lined up by the standard
ric emission feature, is used. technique of photoemission on semiconductors mentioned
A close look at the topmost emission feature., a) of above.
Fig. 5@a) reveals a weak but clear photon energy dependent Figure 7 shows the complete valence-band structure along
dispersion. The kinetic energy with respect to the photorthe high-symmetry directions M (L), MK(LH), T'K(H),

Ill. RESULTS AND DISCUSSION




4678 BOKER, MULLER, AUGUSTIN, JANOWITZ, AND MANZKE PRB 60

hV K k
a) TA leV] a)|  MK(LH) k%r R
| A
28.00
k___/\/k 27.00 0.80
26.00 0.70
25.00 0.65
24.00 0.63
gggg 0.80
21.22 8-22
>, - 21.00 = X
£ 20.00 3 0.40
g 19.00 8 0.30
€ 18.00 £ 0.25
- 17.00 0.22
16.50 '
16.00 0.20
15.75 0.15
15.50 0.13
e
14.00 0.05
13.00 0.00
12.00 -0.10
ol b D T b Lo e by 11.00 ol b by b e b
6 5 -4 -3 2 -1 0 4 8 2 A 0
binding energy [eV] binding energy [eV]
K kn
it o
o) TK(H) A o) [ T™() o
% %0 M 12
1.15 1.08
1.05 1.02
0.95 0.96
0.90 .90
0.85 084
0.80 558
Q.75 .
0.70 0.75
0.65 0.72
0.60 0.69
. 0.55 > 0.66
= 0.45 = 0.60
2 0.40 e 0.57
Qo 0.38 -0:3 0.54
[= R
= 838 8233
0.20 0.36
0.15 0.30
0.10 0.24
0.05 098
0.00 015
-0.05 .
-0.10 g-gg
-0.15 .
4
2 13
I|i||||IIIIII|IIII|IIII|IIII'IIIIIII._8:48 Illlll‘IlIII‘llllllll)l['lllllllll‘l '

6 5 -4 3 2 -1 0

6 5 4 3 2 40 binding energy [eV]

binding energy [eV]

FIG. 6. (a) Spectra series in theIK(LH) direction(CFS and

FIG. 5. (a) Spectra series in thEA direction (EDC) and (b) PPEL ki
(b) spectra series in thEM (L) direction(CFS.

spectra series in thEK(H) direction(CFS.

and TA. The binding energy error bars are the statistical?nd spectra near ttie point (peake in our data is derived
errors of the fitted peak positions while the error bars on thérom wave functions havingl,> symmetry:® The energetic

K axis result from the acceptance anglé+1.05° of the position of this state with respect to the \_/BM and thg dis-
spectrometer. persion of the Tg/d states will be treated in the following.

The valence-band maximum is found at thepoint, in
agreement with similar studies on Mp&nd MoSe.?° (For
convenience, we assign the energy position of the maximum

The schematic band model for the density of stdl¥3S)  of the uppermost emission featueeas the valence-band
is depicted in Fig. 8 for the case of Ma¥ It is generally maximum) According to the band structure calculations for
accepted that the valence bands consist of Moadd chal-  this class of materials, the character of the two topmost emis-
cogenp/d state€ McGovern and Williams have shown that sion features(b) is a mixing of Mo 4d with Te 5p orbitals.
for a-MoTe, the strongest emission feature in the valence-About halfway fromI" to K(H) or I" to M(L), respectively,

A. Valence-band structure
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FIG. 7. Experimental valence-band structureseMoTe, de-
rived from the spectra series along #ha, 'K(H), MK(LH), and
I’'M(L) directions. %
these states disperse to higher binding energies and mer 47 .06 -05 -04 -03 02 -01 00 01 02 03
into emission feature. The latter is predominantly of Mo
4d,2 charactel® and has only about 150 meﬁﬂ dispersion
towards the Brillouin zone edge. For MgSan equivalent, FIG. 9. Double emission feature at thkgH) point of the Bril-
rather dispersionless state has been reptratl discussed louin zone(for assignments see text
in the context of a vibronic polaron similar to the electronic
polaron claimed for TiTg?! Very recent studidd on TiTe,  the VBM in the vicinity of theK(H) point of the Brillouin
disprove the electronic polaron concept so that also in theone with a splitting of=0.24 eV (see Fig. 9. As claimed
case of similar LTMD’s other explanations may be moreby Coehoorn, Haas, and de Grébtyho observed a splitting
plausible. We suggest peako be nondispersive simply due of 0.21 eV for MoSeg at theK(H) point, these states give
to a weak overlap of the Modi. orbital with other orbitals rise to the excitonic feature& and B known from optical
in the direction close to the axis. With increasing off- absorption datdsee, e.g., Ref. 22The splitting for MoSe
normal emission angles, i.e., reaching the Brillouin zone matches well with the observed energetic difference of the
edge, the small overlap with the Te5orbital gives rise to  excitonsA andB (see, e.g., Ref. 33and therefore they con-
the observed dispersion. Since the Md,4orbital is fully  cluded that the exciton peaks probably arise from transitions
occupied, high spectral intensity of this emission feature folat the K(H) point. This is in contrast to several investiga-
small emission angles) is found which is decreasing for tions using optical absorption measuremé&ht$2°which led
increasingy due to a shielding by the Teps orbitals. to the result that appropriate transitions for feB excitons

In the spectra series along tH&K(H) symmetry line  should occur at th& point. However, according to our data
shown in Fig. 6b), a double emission feature appears neathe peak distance of 0.24 eV for the double featupg, Y at

the K(H) point for MoTe is much too small compared to
E the 0.38 eV distance of the excitonic lines measured by Beal,
Knights, and Liang? Even though a shift between the initial
s/p states and the observed energy distance of the excitons is
possible?® the magnitude of the observed shift cannot be
— explained within the theor§? We conclude accordingly that
/p the double emission featud§ Y at theK(H) point does not
corduchibn cqrresppnd tanitial _statesof the excitonsA andB. In line
band (CB) with optical absorption measurements of Refs. 24, 22, and 25
and from the location of the VBM at thié point, we suggest
Xyx2-y2 - the topmost occupied state Btto be the initial state for the
semiconductor gap A, B excitons.
q The c/a ratio is an important quantity in determining the
22 valence position of the Mo 4,2 band® To be precise, thd,> band
band (VB) is shifted towards higher binding energies with increasing
p/d c/a ratio. Sincea-MoTe, has the largest/a ratio, i.e.,
c/a=3.968 (Ref. 8§ compared to the other members of the
MoX, family [i.e., 3.890 for Mo$ and 3.924 for MoSg
s (Ref. 8], thed,2 emission featuréc) should have the highest
DOS binding energy. Indeed, we found this peak to be located
about 0.8 eV below the valence-band maximum while a

FIG. 8. Schematic band model for the densitiy of sta@2©9  value of 0.4 eV has been reported in the case of Md%e

of MoS, (c/a=3.89). Redrawn after Friend and YoffRef. 19. For MoS, recent studie€ show the dispersion of bands in
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normal emission to be also non-negligible. An experimental Tight binding(=LCAO) methods can be characterized as
band structure investigation including the issue of the locaa model of isolated atoms with interaction. Due to this ansatz

tion of the Mo 4,2 band is in preparatiofY. they are well suited to inhomogeneous systems including
defects and surfaces. The more sophisticated muffin tin
B. Comparison with theoretical band structures methods, such as KKR and augmented plane wWawrWw),

To our knowledge there exist three theoretical calculaVork with wave functions that are atomiclike at the cores

tions for a-MoTe, which differ remarkably. Bromley, Mur- and plane-wave-like in between. These wave functions can

in two dimensiong® The tendencies in the upper valence .

bands seem to be comparable to our experimental data, bgp calculations is that they neglect spin-orbit splitting. In our

: : o ; ; ata this splitting is clearly visible at the(H) point.
the lower lying bands dnffer. T.hIS .dls:ilgre.eme.nt |§ mainly For MoSe an augmented-spherical-wa@@SW) method
due to the fact that the dispersion in tke direction is ne-

" including scalar relativistic effects which shows good corre-
glected. In addition to that, they found the valence-ban pondence to experiment has been repdfteddirect com-

maximum at the point in contrast to our data. Finally the o son of our experimental data with the ASW calculation
calculated bandwidth of about 4.2 eV is much t00 small, 16 isoelectronic MoSetaken from Ref. 16 is shown in
compared to the measured bandwidth of 6.0 eV. Fig. 10. The energy axis has been shrunk by a factor to get
| Dawson gn_d.tBulll_et caIcuIatgd t?e barf1d ftrupturebtt)yl 3Pthe best correspondence, since Mp®&eexpected to have a
plying an ab Initio finear comoination Of alomic OrbitalS 5 qer handwidth compared to MoJ.eFurthermore, the the-
(LCAO) m_ethqdz.g They fou_nd th_e VBM to be at thi! point oregtical calculation ha% been aIig?l—ed with the experimental
of the Brillouin zone, which differs completely from our .data at theK(H) point since this shows the best correspon-

datar.] ?econd,hthe' calculatehd bgnd\évidth of abo?t r?'?’ eV Jence. However, the courses of the bands are in good agree-
much larger than in any other band structure of theXMo o\ \yhile the energetic position is different. Especially the

family (see, e.g., Ref. 20and is significantly larger than in magnitude of the spin-orbit splitting at tHe(H) point is

our measurements. very similar. Such band structure calculations for MgTe

A.sl|ghtly better agreement is achlevgd by the C"’“CUlat'c"have to be done to yield better agreement with the experi-
of Hindt and Lee, who used the Korrlnga-Kohn—Rostokermental data®

(KKR) method?® Despite the poor correspondence of the
lower-lying bands, the trends of the upper bands agree par-
tially with our experimental data. Especially the VBM is at
the same locationl{ point) and the calculated bandwidth of
about 6.8 eV is only 800 meV wider than found experimen-  we would like to thank D. Kaiser for assistance in the
tally. Note that the number of bands is inconsistent in thiscrystal fabrication. This work received funding from the
calculation(seven bands dt point of thel’'M direction and  Bundesministerium “fiu Bildung, Wissenschaft, Forschung
eight bands at th&' point of thel"A direction. und TechnologigBMBF) under Project No. 05 622 KHA.

ACKNOWLEDGMENT




PRB 60 VALENCE-BAND STRUCTURE OFa-MoTe, BY ANGULAR- ... 4681

IR. M. A. Lieth and J. C. J. M. TerhelPreparation and Crystal nery, Numerical Recipes in &2nd ed.(Cambridge University
Growth of Materials with Layered Structuré®. Reidel Pub- Press, Cambridge, England, 1992
lishing Company, Dordrecht, 197 7. 141. 15D, A. Shirley, Phys. Rev. B5, 4709(1972.

2J. Augustin, V. Eyert, Th. Bker, C. Janowitz, and R. Manzke, !®R. Coehoorn, C. Haas, J. Dijkstra, C. J. F. Flipse, R. A. de Groot,
(unpublished and A. Wold, Phys. Rev. B5, 6195(1987.

3A. J. Grant, T. M. Griffiths, G. D. Pitt, and A. D. Yoffe, J. Phys. 7R, Claessen, R. O. Anderson, G.-H. Gweon, J. W. Allen, W. P.
C 8, L17 (1975. Ellis, C. Janowitz, C. G. Olson, Z. X. Shen, V. Eyert, M. Ski-

“H. D. Abrure, G. A. Hope, and A. J. Bard, J. Electrochem. Soc.  bowski, K. Friemelt, E. Bucher, and S. fher, Phys. Rev. B4,
129, 2224(1982. 2453(1996.

SM. Kettaf, A. Conan, A. Bonnet, and J. C. Bernede, J. Phys.lsl. T. McGovern and R. H. Williams, Nuovo Cimento 83, 241
Chem. Solidss1, 333(1990. (1977).

6]. T. McGovern, R. H. Williams, and A. W. Parke, J. Phys1?,  '°R. H. Friend and A. D. Yoffe, Adv. Phy=6, 1 (1987.
2689(1979. 20R. Coehoorn, C. Haas, and R. A. de Groot, Phys. Re35,85203

"R. Manzke and M. Skibowski, iElectronic Structure of Solids: (1987.

Photoemission Spectra and Related Datdited by A. Gold- 21p, K. G. de Boer, C. F. van Bruggen, G. W. Bus, R. Coehoorn, C.
mann, Landolt-Bnstein, New Series, Group Ill, Vol. 23, pt. B Haas, G. A. Sawatzky, H. W. Myron, D. Norman, and H. Pad-

(Springer-Verlag, Berlin, 1994p. 140. more, Phys. Rev. R9, 6797(1984).
8J. A. Wilson and A. D. Yoffe, Adv. Physl8, 193 (1969. 22A. R. Beal, J. C. Knights, and W. Y. Liang, J. Phys.5C3540
9A. Conan, A. Bonnet, A. Amrouche, and M. Spiesser, J. Phys. (1972.

(France 45, 459 (1984. A, R. Beal, W. Y. Liang, and H. P. Hughes, J. Phys9(2449

10Th. Boker, A. Miiler, J. Brigmann, J. Wichert, W. Frentrup, C. (1976.
Janowitz, and R. Manzke, J. Electron Spectrosc. Relat. Phenom?M. Tanaka, H. Fukutani, and G. Kuwabara, J. Phys. Soc. Jpn.
87, 195(1998. 456, 1899(1978.

11y, N. Strocov, H. I. Starnberg, P. O. Nilsson, H. E. Bauer, and L.?°R. A. Bromley, R. B. Murray, and A. D. Yoffe, J. Phys.%; 759
J. Holleboom, J. Phys.: Condens. Matl€; 5749(1998. (1972.

12y N. Strocov, H. I. Starnberg, P. O. Nilsson, H. E. Bauer, and L.26y. Onodera and Y. Toyozawa, J. Phys. Soc. JpR3 1601
J. Holleboom, J. Phys.: Condens. MatB2r7539(1996. (1967).

3photoemission in Solids I: General Principjesdited by M. Car-  2"Th. Boker, C. Janowitz, and R. ManzKenpubishe}l
dona and L. Ley, Topics in Applied Physics Vol. BBpringer-  28W. G. Dawson and D. W. Bullet, J. Phys. D, 6159(1987.
Verlag, Berlin, 1979 293, p. Hindt and P. M. Lee, J. Phys.13, 349(1980.

W. H. Press, S. A. Teukolsky, W. T. Vetterling, and B. P. Flan- *°l. T. McGovern and R. H. Williams, J. Phys. € L337 (1976.



