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Electronic band structure of the layered compound Td-WTe2
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We have studied the electronic structure of the layered compound Td-WTe2 experimentally using high-
resolution angle-resolved photoelectron spectroscopy, and theoretically using density-functional based aug-
mented spherical wave calculations. Comparison of the measured and calculated data shows in general good
agreement. The theoretical results reveal the semimetallic as well as metallic character of Td-WTe2; the
semimetallic character is due to a 0.5 eV overlap of Te 5p- and W 5d-like bands alongG-Y, while the metallic
character is due to two classical metallic bands. The rather low conductivity of Td-WTe2 is interpreted as
resulting from a low density of states at the Fermi level.
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I. INTRODUCTION

For more than two decades, layered transition metal
chalcogenides~TMDC! have served as a kind of prototyp
material for the analysis of the momentum-resolved el
tronic structure of solids. Because of their layered structu
the electronic properties are quasi-two-dimensional, mak
this class of materials interesting for many experimental
theoretical investigations.1,2 The two dimensionality leads to
a small dependence of the electronic structure on the w
vector component perpendicular to the layers,k' , and
makes the TMDC’s ideal candidates for comparing exp
mental and theoretical electronic band dispersions.

Wilson and Yoffe3 were the first to propose a simple ban
model to account for the trigonal prismatic coordinati
around the metal atoms of the Group-VIB diselenides a
disulphides. This coordination is stabilized by the cryst
field induced lowering of the metald3z22r 2 orbital relative to
the remainingd states.4 The ditellurides differ: except for the
low-temperature polymorpha-MoTe2 they display a dis-
torted octahedral coordination around the metal ato
which are displaced from the centers of the octahedra du
strong metal-metal bonding.

Although the electronic structure of the Group-VI
TMDC’s has been intensively studied, very little work h
been done on the Group-VIB ditellurides:Ab initio linear
combination of atomic orbitals~LCAO! calculations of the
electronic structure of Td-WTe2 have been performed b
Dawson and Bullett,4 who interpret the semimetallic groun
state of Td-WTe2 as being due to its reduced Madelung e
ergy as compared to hypothetical 2H-WTe2. The electronic
properties of Td-WTe2 have been likewise studied b
Brixner5 and Kabashima,6 who used a three-carrier sem
metal band model to explain the electrical resistivity.

The present paper is intended to complement the af
mentioned studies on Td-WTe2 on both the experimental an
theoretical side. It is meant to provide a reference for furt
experiments on the electronic structure of Td-WTe2. There-
fore, we are presenting a combined experimental and th
retical study of the electronic structure of Td-WTe2 crystals.
To achieve this end, both high-resolution angle-resolv
PRB 620163-1829/2000/62~16!/10812~12!/$15.00
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photoemission spectroscopy and augmented spherical w
~ASW! electronic structure calculations, as based on dens
functional theory~DFT! and the local-density approximatio
~LDA !, have been used. The obtained good agreement
tween experimental and calculated results lays the ground
a comprehensive comparison and discussion. Slight de
tions are discussed and can be explained. Of particular in
est are the bands near the Fermi energy. By analyzing th
bands we attempt to determine whether Td-WTe2 can be
classified as a classic semimetal. To this end, transport m
surements have also been carried out, which reveal sem
tallic resistivity. However, deviations from the simple sem
metallic band scheme place Td-WTe2 on the border between
metal and semimetal.

The paper is organized as follows: In Sec. II we discu
the basic structural and electronic properties of Td-WT2.
Before describing the experimental details in Sec. IV,
discuss the calculational method. Theoretical band struc
is discussed in Sec. III. The characterization of the crystal
given in Sec. V and the photoemission data as compare
the theoretical results are presented in Sec. VI. There
show the complete valence-band structure along with the
tailed band dispersion parallel and perpendicular to the
ers. This is complemented by a comprehensive discussio
the experimental and theoretical results and by a summa

II. STRUCTURAL AND ELECTRONIC PROPERTIES

In 1966, Brown’s investigations showed that Td-WT2
crystallizes in a layered structure similar to that of the
polytype.7 The structure can be described as layers of tu
sten atoms that bind two sheets of tellurium atoms into in
nite two-dimensional layers. The bonds between the
W-Te sandwich layers are weak because they result f
Te-Te van der Waals interactions. For this reason the sp
between the sandwiches is often called the van der W
gap. The Td structure is shown in Fig. 1.

As in the 1T polytype, the tungsten atoms are octahedr
coordinated by tellurium atoms. However, in contrast to
1T structure, successive sandwich layers are rotated 1
Furthermore, the characteristic WTe6 octahedra undergo
10 812 ©2000 The American Physical Society
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PRB 62 10 813ELECTRONIC BAND STRUCTURE OF THE LAYERED . . .
strong distortions. Their deviation from ideal octahedral g
ometry is accompanied by considerable shifts of the tung
atoms away from the center of the octahedra in order to fo
pairs due to strong intermetallic bonding.

Specifically, the tungsten atom is shifted 0.95 Å horizo
tally from the center of the unit cell and 0.21 Å vertical
relative to the center of the octahedron. As a result, ev
second row of W atoms pair, in order to form zigzagge
slightly buckled chains. As a consequence, the telluri
atom layers become corrugated, i.e., alternating rows of
lurium atoms are vertically displaced by 0.61–0.62 Å.8–11

The buckling allows the metal atoms in adjacent octahedr
approach each other with a resulting metal distance of o
2.86 Å. Each metal atom, therefore, has eight neighbors:
tellurium atoms and two metal atoms, because the m
atom neighbors are about the same distance from each
as the six tellurium atoms. The off-center position of t
tungsten atoms together with the buckling of the telluriu
layers gives the structure a definite ribbonlike aspect an
presumably responsible for the rodlike appearance of
Td-WTe2 crystals instead of the flat appearance usually
sociated with layered compounds.

The stacking of one layer upon another is governed by
buckling of the layers so that adjacent layers are keyed
gether by an association of ripples and troughs. This gi
rise to the 180° rotation of adjacent sandwiches and lead
the larger simple orthorhombic unit cell with four formu
units. The space group isPnm21. Cell dimensions, as mea
sured on precession photographs,7 are a56.282 Å , b
53.496 Å ~both in plane!, andc514.07 Å ~perpendicular
to the layers!.

Under the assumption that the bonding between tung
and tellurium is solely ionic~ionic limit! the electronic struc-

FIG. 1. Crystal structure of Td-WTe2. Tungsten and tellurium
atoms are printed in black and gray, respectively.
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ture of Td-WTe2 should consist of fully occupied Te 5p
states, which form extended valence bands, while the Wd
states possess two electrons. From the nearly octahe
crystal field at the tungsten sites we expect the 5d states to
separate into the threefoldt2g manifold and the twofoldeg
manifold. Due to the larger overlap with the ligand 5p orbit-
als, the latter states exhibit considerable bonding-antibond
splitting, while thet2g bands reveal an almost nonbondin
character.

III. BAND STRUCTURE CALCULATIONS

The calculations are based on density-functional the
~DFT! and the local-density approximation~LDA !.12,13 We
employ the ASW method14 in its scalar-relativistic imple-
mentation~see Refs. 15–17 for more recent description!.
This method has already successfully been applied to
neighboring LTMD’s TaS2,18 TiTe2.19,20 Since the ASW
method uses the atomic sphere approximation,21 we had to
insert so-called empty spheres into the open crystal struc
of Td-WTe2. These empty spheres are pseudoatoms with
a nucleus, which are used to model the correct shape of
crystal potential in large voids. In order to minimize th
sphere overlap, we have recently developed an algorithm22

which solves the problem of finding optimal empty sphe
positions as well as radii of all spheres automatically.
inserting 18 empty spheres into the simple orthorhombic u
cell of Td-WTe2 we kept the linear overlap of any two phys
cal spheres below 20%, and the overlap of any pair of ph
cal and empty spheres below 27%.

Self-consistency was achieved by employing an effici
algorithm for convergence acceleration.23 The Brillouin-zone
sampling was done using an increased number ofk points
ranging from 54 to 6750 points within the irreducible wed
of the simple orthorhombic Brillouin zone shown in Fig.
This way we were able to ensure convergence of our res
with respect to the fineness of thek-space grid.

Figure 3 shows the calculated band structure along v
ous high-symmetry directions in the Brillouin zone~see Fig.
2!. The corresponding W 5d and Te 5p partial density-of-
states~DOS! are displayed in Fig. 4.

Except for the Te 5d states, which give rise to a sma
contribution above 1.5 eV, all other states play only a ne
gible role in the energy interval shown.

In the band structure a strong anisotropy of the band
persions is observed. In particular, the very small dispers
parallel toG-Z is contrasted with large dispersions perpe
dicular to this direction reflecting the quasi-two-dimension

FIG. 2. Brillouin zone of the simple orthorhombic lattice.
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10 814 PRB 62J. AUGUSTINet al.
nature of the layer compound. While the dispersion is lar
for the occupied bands, thek dependence is reduced abo
EF , where single well separated bands can be identified.
to this fact, and since most of the occupied bands have t
maximum at or just belowEF ~at G andZ) only few bands
cross the Fermi energy, which gives a first clue to the
served low conductivity. In the total DOS this leads to
distinct minimum atEF ; the still finite contribution there
results from the two lowest unoccupied bands atG, which
bend downward along the linesG-X and especiallyG-Y.
Along the latter line these bands cross the Fermi energy
reach the Y point at about21.6 eV. Although the band
width of about 2.5 eV is reminiscent of a typical metal, t
low density-of-states atEF resulting from the small numbe
of strongly dispersing partially occupied bands, however,
vors interpretation in terms of a semimetal rather than
metal.

The striking similarity of the W 5d and Te 5p contribu-
tions to the density-of-states in the whole energy range fr
26.5 to about 4 eV, as displayed in Fig. 4, points to t
strong covalent mixing of these states, which, like the stro

FIG. 3. Calculated electronic structure of Td-WTe2. Here and in
the following figures energies are given relative to the Fermi ene
EF .

FIG. 4. Partial W 5d and Te 5p density-of-states of Td-WTe2.
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dispersion of the bands, results from their large overl
Such a strong covalency was likewise observed in additio
calculations for both hypothetical 1T-WTe2 and 2H-WTe2.24

In contrast to the 1T polytype, however, distortion of t
WTe6 octahedra in the Td structure destroys the clear se
ration of the W 5d t2g andeg states. The partial DOS cor
responding to the single 5d components are shown in Fig. 5
where we used a local rotated reference frame with the C
tesian axes adjusted to the local octahedron. Note, howe
that due to an additional rotation by 45° about thez axis of
the octahedron, thex andy Cartesian axes make an angle
45° with the equatorial W-Te bonds. As a consequence,
dx22y2 anddxy are exchanged and belong to thet2g andeg
manifold, respectively. In Td-WTe2, the symmetry of thedxy
and d3z22r 2 orbitals as well as of thedx22y2, dxz and dyz
orbitals is broken and the latter states experience soms
bonding due to the shift of the W atoms away from t
centers of the octahedra. As a consequence, thet2g derived
states display considerable splitting between bonding and
tibonding states, which are found below and aboveEF , re-
spectively, and leave the DOS minimum at the Fermi ener
According to Fig. 5, the bonding-antibonding splitting
larger for thedxz anddyz orbitals than for thedx22y2 orbitals.
For this reason, the latter states dominate in the energy w
dow ranging fromEF to 1.5 eV above. Just belowEF , the
electronic structure changes from being rather isotropic
almost exclusivelydx22y2-like.

In order to lay ground for the subsequent detailed co
parison of the calculated electronic structure with the ang
resolved photoemission data we next turn back to a disc

y

FIG. 5. Partial W 5d t2g andeg density-of-states. Selection o
orbitals is relative to the local rotated reference frame~see text!.
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sion of the bands. To this end we complement the b
structure given in Fig. 3 with Figs. 6 and 7.

In these figures the calculated bands are displayed
special representation, where the width of the bars gi
with each band is a measure of the contribution from eit
the W 5d or the Te 5p orbitals. In addition, we have limited
the representation to only a small energy window about
Fermi energy as well as to the symmetry linesG-Y andG-Z.

Again, we observe in Figs. 6 and 7 the pronounced qu
two-dimensionality of the electronic structure. The on
small dispersion along the lineG-Z is contrasted with rathe
broad bands along the lineG-Y. Furthermore, from Figs. 6
and 7 the electronic states can be grouped in two diffe
categories: Bands, which are below20.5 eV at G and Z
comprise W 5d and Te 5p contributions to a similar degree
whereas the higher-lying bands, although likewise being
somewhat mixed character, experience considerable v
tion of the band characters across the Brillouin zone. Thi
particularly visible for bands I and II, which, while bendin
upward, increase their W 5d weight at the expense of the T
5p character. This holds especially after these bands h
crossed the Fermi level at about 0.6GY and 0.2GY, respec-
tively. In accordance with the above discussion of the par
density-of-states a more detailed analysis of the band st
ture showed that aboveEF both bands are almost exclusive

FIG. 6. Weighted electronic bands. The width of the bars giv
with each band indicates the contribution from the W 5d orbitals.

FIG. 7. Weighted electronic bands. The width of the bars giv
with each band indicates the contribution from the Te 5p orbitals.
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of dx22y2 character. A completely different behavior is di
played by bands III and IV, which, although being degen
ate with bands I and II at theZ point, have a reversed cur
vature and thus end at 1.4 eV below the Fermi energy at
Y point. These two bands are of dominant Te 5p character
throughout their way alongZ-G-Y ~band III! or change from
W 5d- to Te 5p-dominated~band IV!. From the previous
discussion we arrive at the picture of two mainly unoccup
W 5d-like bands~bands I and II!, which overlap with two
predominantly occupied Te 5p-like bands~bands III and IV!
with an overlap region of approximately 0.55 eV. Takin
bands I to IV alone we would thus end up with a classi
semimetal.

However, the just sketched clear picture is undermined
bands V and VI, which start 0.7 and 0.9 eV aboveEF at G,
respectively, dip belowEF at about 0.2GY, and disperse
downward until they reach theY point at 21.6 eV. With
decreasing energy, both bands change from predomina
W 5d to Te 5p character. These bands can be well classifi
as metallic. To conclude, we thus arrive at a combined se
metallic and metallic behavior for Td-WTe2.

IV. EXPERIMENTAL DETAILS

The angle-resolved photoemission measurements w
performed at the 3m normal-incidence-monochromato
beamline HONORMI, at the Hamburg Synchrotron Rad
tion Laboratory~HASYLAB !, which covers a photon energ
range of 9 eV,hn,27 eV. The spectrometer consists of
180° spherical energy analyzer mounted on a goniome
which can be rotated around two independent axes. For
spectra represented here, an overall energy resolution
80 meV<DE<100 meV and an angular resolution ofDu
,0.9° were achieved, while the absolute accuracy of
emission angle was 0.1°. The position of the Fermi edge
platinum was used as a reference for the binding energ
the spectra.

The Td-WTe2 single crystals were grown using th
chemical vapor transport method in horizontal reactors w
bromine as the transport gas. The quality of the crystals
characterized by secondary ion mass spectroscopy~SIMS! in
order to examine the chemical purity. Structural and elec
cal properties were analyzed using Laue x-ray diffraction
well as temperature-dependent transport measurements
Laue diffraction patterns were also used to determine
high-symmetry directions in reciprocal space. The fin
sample orientation for the photoemission measurements
precisely adjusted from the symmetry of the photoemiss
spectra with respect to equivalent high-symmetry directio
Because of the high quality of the samples and the h
resolution of the experimental setup, an orientation of
samples with an accuracy of 0.1° could be achieved.

Clean Td-WTe2 surfaces were preparedin situ by cleav-
ing the crystals along their weakly bonded sandwich laye
Cleavage and photoemission measurements were made
base pressure of 3310210 mbar at room temperature. Th
complete photoemission data set presented in Sec. VI
obtained from one sample within a 17 h time frame. The
was no observable time dependence in the spectra du
adsorbed residual gas or effects such as band bending.
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10 816 PRB 62J. AUGUSTINet al.
results presented here have been reproduced on a tot
four samples.

V. CHARACTERIZATION

The crystal structure of WTe2 has been investigated usin
Laue x-ray diffraction. While all crystals clearly showed
twofold rotation axis, no indication for the 1T- or 2H
polytype were found.

The metallic behavior of Td-WTe2, as proposed by Daw
son and Bullett,4 as well as from our own theoretical work
was checked using transport measurements. This is e
seen in Fig. 8 where, with decreasing temperature, the
plane resistivity reaches a residual value, which can be
termined to be%54.131025 V cm atT51.9 K. With in-
creasing temperature, the resistivity rises nearly linea
between 20 K and 300 K. AtT5273 K the resistivity can be
determined to be%54.431024 V cm. Similar results have
been observed by Brixner5 as well as by Kabashima6 who
employed a semimetallic band structure including th
charge carriers. Above room-temperature excitations fro
lower to the upperd band cause decreasing resistivity simi
to that caused by a degenerate semiconductor.

The chemical composition and purity of the samples w
analyzed using SIMS. All spectra have been recorded for2

1

primary ions. Positive and negative ions can be detecte
secondary ions in order to study the contamination with e
tropositive or electronegative materials. Spectra recorded
positive secondary ions did not show any significant c
tamination with electropositive materials such as metals.
search for electronegative substances revealed the tran
agent bromine as can be seen in Fig. 9.

Bromine was obviously incorporated in the crystals by
chemical vapor transport growing process. Energy disper
x-ray ~EDX! measurements show the bromine content ly
below the detection limit (53 1019 cm23). Such a small
density would not be expected to influence the electro
properties of a metallic host crystal significantly, e.g., mo
than the self-intercalation effect commonly present in la
ered crystals. As mentioned above, the secondary ion e
sion probability of negatively charged tungsten atoms
rather low. Tungsten is therefore not visible in this spectru

FIG. 8. Temperature-dependent in-plane resistivity of Td-WT2.
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VI. ANGLE-RESOLVED PHOTOEMISSION

Spectra shown in this section are energy distribut
curves~EDC! with either the electron emission angleq or
the photon energyhn as a parameter. Through the variatio
of the polar angleq, the components of the photoelectro
wave-vector parallel and perpendicular to the layers chan
The momentum component parallel to the surface can
obtained directly from the kinetic energy and the emiss
angleq as

ki5A2me

\2
Ekinsinq. ~1!

This relationship results from the momentum conservat
parallel to the surface when a photoelectron leaves the c
tal. In contrast, the wave-vector component perpendicula
the surface is not conserved due to the broken translati
symmetry. Assuming direct transitions into free-electronli
final states, this component is determined by

k'5A2me

\2
~Ekincos2q1V0!, ~2!

whereV0 is the inner potential with respect to the vacuu
level. The experimental band structureEB(k) follows from
the energy conservation,

EB5Ekin2hn1F, ~3!

whereF is the work function of the sample. On this basis,
is possible to measure the dispersion of the valence band
various directions in reciprocal space after orienting
sample. However, in a certain direction parallel to the laye
one is actually not scanning along this direction but rat
along a parabolic path in three dimensional space due tok'

dependence. For quasi-two-dimensional materials like
layered transition-metal dichalcogenides, however, o
would also usually expect the electronic band structure no
depend strongly onk' . This will be demonstrated for WTe2
in the following section.

A. Dispersion perpendicular to the layers

Equation~1! implies that measuring photoemission spe
tra in normal emission (q50°) gives ki50. The wave-

FIG. 9. SIMS analysis of Td-WTe2 grown with bromine.
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PRB 62 10 817ELECTRONIC BAND STRUCTURE OF THE LAYERED . . .
vector component perpendicular to the planesk' depends on
the kinetic energy of the photoelectrons according to Eq.~2!.
Because the kinetic energies of the photoelectrons vary
photon energy, the Brillouin zone can be scanned along
line G-Z. A selection of valence-band spectra for phot
energies betweenhn5 9 eV and 27 eV is shown in Fig. 10

The binding-energy region~down to24 eV) was chosen
to provide more detail in the upper valence band. The em
sion maxima and structures are labeled by small characte
Fig. 10. As is obvious from the spectra series, the dep
dence on photon energy (k') is quite small except for som
intensity modulations due to variations of the transition m
trix element. This directly reflects the quasi-two-dimensio
electronic character of Td-WTe2, similar to that of the 1T- or
2H-type layered transition-metal dichalcogenides, which d
play no octahedral distortion. However, such a pronoun
two dimensionality of the band structure is remarkable, e
for the layered TMDC’s.

To find out whichk' values have to be attributed to th
emission features, their weak dispersions have to be inv
gated in more detail. In general, three different methods
determining the inner potentialV0 are employed. It may be
~i! adjusted to an optimal agreement between theoretical
experimental band structures,~ii ! determined from the
muffin-tin zero, or~iii ! evaluated from symmetry conside
ations of the experimentalEB(k') curves.30 In the present
paper, all three criteria are used. To this end, the symme
of the most dispersive bands in thek' series are analyze
~see Fig. 10!. Intensity criteria are also used. From the resu
ing V0, the experimental band structureEB(k') can be de-
duced, which is compared to the theoretical band structu

The bands ‘‘e’’ and ‘‘ f’’ are the most dispersive structure
in the directionG-Z. These states periodically approach ea

FIG. 10. Energy distribution curves of Td-WTe2 alongG-Z.
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other and separate again.31 Keeping in mind the periodicity
of these bands, and assuming a reasonable value forV0, the
Z point is found to lie at about 18 eV photon energy. Co
sequently, states excited withhn522 eV stem from the di-
rect vicinity of theG point. For the uppermost band ‘‘a,’’ the
Z point and theG point are found for 17 eV and 21.22 eV
photon energy. TheV0 thus obtained is 11.5 eV. The theo
retically derived inner potential refers to the muffin-tin ze
~MTZ! and can be calculated from

V05F1EF2MTZ. ~4!

With the experimental work function ofF54.7 eV, we ob-
tain an inner potential of 11.6 eV, which is in close agre
ment with the experimental value. Using the experimen
value for the directionG-Z we arrive at the band structur
displayed in Fig. 11.

For the most dispersive bands ‘‘e’’ and ‘‘ f ’’ in the k'

series, the agreement between the experimental and the
ical band structure is very good. Thus, all three criteria
determining the inner potential lead independently to
same value forV0.

It is obvious when analyzing the experimental and the
retical band structures in Fig. 11 that a large number of
manifold of theoretical bands are experimentally confirm
In addition, the band energies of experiment and the
agree well. This is valid for both the higher and lower ran
of binding energies. The binding energies of the bands di
by a maximum of 100 meV. In addition, the bands are qu
tatively well described by the theory. Apart from the ve
good agreement of ‘‘e’’ and ‘‘ f ,’’ the dispersion of the bands
‘‘ g,’’ ‘‘ h,’’ and ‘‘ h8’’ agree well at binding energies highe
than22 eV. For band ‘‘g,’’ in particular, the periodicity of
the Brillouin zone can be observed in agreement with
theory.

A further analysis of Fig. 11 shows that the calculati
predicts more bands than were experimentally resolved. T
is valid both for the range nearEF and that below
21.5 eV binding energy. This explains the seeming ov
estimation of the dispersions by the theory, especially

FIG. 11. Comparison of measured and calculated band struc
alongG-Z.



s

n
A

ca
in
er
ed
io

w

ib

d

ve
e
m
on

t
a
o
e

o
to

-
n
th
n
th
re

rg
a
er
o

t
n

y

ea
an
l-
re
th
o

en
th

n
f
in

si

e

ex-
s,
lear

g

ter-

re-
the

d

n-

ison
of
en
cts.

g
s.
ld
eri-

-
ea-

tes
and
os-

se-

tal-
nic

od
ions
nal-
ion
rgy

the
tes

i-

10 818 PRB 62J. AUGUSTINet al.
bands ‘‘c’’ and ‘‘ d.’’ The range of lower binding energie
with the bands ‘‘a’’ and ‘‘ b’’ is particularly affected.

In the following discussion, both the orbital character a
the dispersion of the individual bands will be addressed.
this point it should be emphasized that results from the
culated band structure are used in this and in the follow
sections in the analysis of the orbital character of the exp
mental bands. Weighted,k-resolved band structures are us
in order to assign single band symmetries. These calculat
were not always represented in Sec. III. The bands ‘‘a’’ and
‘‘ b’’ are of special interest since they determine the lo
energy properties of WTe2.

Due to the good agreement of band energies it is poss
to assign band ‘‘b’’ definitely to the LDA band IV in Fig. 6.
The analysis of the orbital character as given in Figs. 6 an
allows us to attribute a W 5d and Te 5p character to band
‘‘ b.’’ In this energy region the tungsten contributions deri
mainly from thed3z22r 2 states. Note that in this context, th
labelling of the orbitals refers to the global reference fra
with the Cartesian axes adjusted to the primitive translati
of the lattice. Starting from theG point up to half theGZ
distance, band ‘‘b’’ is well described by the theory excep
for minor deviations. However, the calculations show th
the closer one gets to the Brillouin-zone boundary, the m
marked the three-dimensional electronic behavior becom
more than was in fact experimentally observed.

The same applies to peak ‘‘a.’’ Apparently, the course of
band ‘‘a’’ is experimentally only slightly k' dependent.
However, detailed analysis shows a slight dispersion
structure ‘‘a’’ to higher-binding energies between 13 eV
17 eV photon energy. Apparently band ‘‘a’’ disperses sym-
metrically about the Z point. In particular, at the Brillouin
zone boundary the calculations show clearer dispersio
lower-binding energies, which cannot be observed in
EDC’s. It is to be assumed that these discrepancies ca
attributed to the probability that there are more bands in
range of lower-binding energies than are experimentally
solved. Up to a binding energy of20.5 eV, the calculations
show four bands, two of which remain unoccupied over la
sections of the Brillouin zone. With increasing approxim
tion to theZ point these states should be occupied, and th
fore be observable by means of photoemission spectrosc
A clear assignment of band ‘‘a’’ to a definite calculated state
and therefore to a definite orbital symmetry in this respec
difficult. The weighted energy-band structures in Figs. 6 a
7 point, however, to a Te 5p character in this binding energ
range.

The almost two-dimensional electronic character m
sured near the Fermi energy indicates apparently, that b
‘‘ a’’ and ‘‘ b’’ could be occupied over the whole of the Bri
louin zone. In this respect the Fermi-level crossings p
dicted by the theory cannot be directly observed in
EDC’s. A more detailed analysis of the low-energy range
a smaller energy scale shows, however, that band ‘‘a,’’ in
particular, could show a Fermi-level crossing at photon
ergies between 17 eV and 19.5 eV. Further discussion of
binding energy range can be found in Sec. VII.

The reason for the experimentally unresolved electro
fine structure, particularly nearEF , lies in the broadening o
the peak widths due to the chosen temperature. Tak
monochromator and energy analyzer resolution into con
d
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eration, the overall energy resolution is aboutDE
5140 meV. Especially the LDA bands I to III, which hav
to be assigned to band ‘‘a’’ ~see Fig. 6!, differ in binding
energy by at most 60 meV and hence are not separated
perimentally. Particularly considering spin-orbit interaction
this could lead to interferences that possibly obscure a c
Fermi-level crossing, electronic fine structure, andk'

dependences.32 This problem exists also at higher-bindin
energies for the bands ‘‘c’’ and ‘‘ h,’’ which do not demon-
strate dispersion. Their theoretical fine structured coun
parts are not resolved experimentally.

According to the analysis of the band structure, with
spect to the orbital character, as given in Figs. 6 and 7,
bands labeled ‘‘c’’ and ‘‘ d’’ in Fig. 10, which range from
0.7 eV to 0.9 eV belowEF , arise from similar contributions
from the W 5d and Te 5p states. From a more detaile
theoretical analysis, we are able to assign the 5d contribu-
tions almost exclusively to the 5d3z22r 2 ~band ‘‘d’’ ! and
5dyz states ~band ‘‘c’’ !. In Td-WTe2 the W
5d3z22r 2-dominated band is thus lying at higher-binding e
ergies than in the case of WSe2.

25–29

Between 21.6 eV and21.8 eV there are two LDA
bands that cannot be observed experimentally. A compar
with the EDC spectra in Fig. 10 shows a clear minimum
intensity at this binding energy. This discrepancy betwe
experiment and theory can be attributed to final-state effe
In the range of the final states at 19.4 eV aboveEF the theory
shows at theG point an 0.6 eV wide gap. With increasin
approximation to theZ point, the size of this gap increase
Neglecting correlation effects, this lack of final states cou
explain why the calculated bands cannot be observed exp
mentally alongG-Z. It is expected that it will also be pos
sible to observe this final-state effect along the parallel m
suring directionG-X.

At higher binding energies the corresponding final sta
lie outside of this gap and agreement between theory
experiment is restored. Due to the good agreement, it is p
sible to assign the bands ‘‘g,’’ ‘‘ h,’’ and ‘‘ h8’’ to almost
equal contributions from the Te 5p and W 5d states.

To summarize, it is convenient to divide this spectra
ries into three different regions, namely,~i! the upper chal-
cogen dominated 5p-derived conduction band ‘‘a’’ ~region
A), ~ii ! the mainly metal 5d-derived bands ‘‘b’’ to ‘‘ f ’’
~regionB), and~iii ! the deep Te 5p bands ‘‘g,’’ ‘‘ h,’’ and ‘‘
h8,’’ which are hybridized with W 5d states~regionC). All
these regions consist of almost flat bands alongG-Z. Thus, in
comparison to layered systems with more regular me
chalcogen units the three dimensionality of the electro
properties is very reduced in Td-WTe2.

Generally, from the comparison in Fig. 11, we find go
agreement between experiment and theory. Where deviat
are observed, they can be well understood as due to fi
state effects or to thermal broadening of the photoemiss
features. Going beyond the assignment of binding-ene
ranges to definite atom orbitals, it is possible to draw
conclusion that the approximation of parabolic final sta
seems suitable for Td-WTe2 in directionG-Z. In particular,
the determination of the high-symmetry pointsG and Z,
which is important for the following parallel measuring d
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rections, was successful as bands ‘‘e,’’ ‘‘ f ,’’ and ‘‘ g’’ espe-
cially demonstrate. Thek' uncertainty at these points seem
to be minimal.

B. Dispersion parallel to the layers

The valence-band dispersions of Td-WTe2 along the high-
symmetry directionsG-Y (Z-T) and G-X (Z2U) are rep-
resented in Figs. 12 and 13, respectively. In the discussio
the bands along these high-symmetry directions we will c
centrate especially on the orbital character of the bands
semimetallic behavior. The samples were irradiated by s
chrotron radiation of photon energyhn521.22 eV. As illus-

FIG. 12. Energy distribution curves of Td-WTe2 along G-Y
~Z-T!.

FIG. 13. Energy distribution curves of Td-WTe2 along G-X
~Z-U!.
of
-

nd
n-

trated above, the electronic states near the Fermi level
cited by this energy are located in the direct vicinity of theG
point in normal emission.

In the directionG-Y (Z-T), 11 bands are identified be
tween27 eV and the Fermi level. Again they are marke
with lower-case characters. The experimental band struc
EB(ki) derived from the EDC’s of Fig. 12 is displayed an
compared to the theoretical band structure along the lineG-Y
in Fig. 14.

As can be seen in this figure the number of the LD
bands is very large: 30 calculated bands are to be foun
this direction. The resulting density-of-states is very hi
compared with transition-metal dichalcogenides in the
structure. Therefore, as already mentioned in Sec. VI A,
all LDA dispersions are experimentally resolved. Corr
spondingly, clear assignments of experimental to calcula
bands are difficult. This applies to both directionsG-Y and
G-X, oriented parallel to the layers.

Again we can identify the three regionsA, B, andC, as
defined in the previous analysis of the spectra, measu
along the directionG-Z. A further series of bands, emission
‘‘ i ’’ to ‘‘ k,’’ appears in the energy range betwee
26.0 eV and24.0 eV, which was not included in Figs. 1
and 11. From the band calculations, in particular from
partial DOS shown in Fig. 4, these emissions can be att
uted mainly to Te 5p states. The corresponding energy ran
is assigned as regionD. States in this region represent th
deep chalcogen states. Dispersions of similar magnitude
also observed in undistorted layered systems. Their energ
position is in accordance with the simple band model
Wilson and Yoffe.3 However, we can still observe admixtur
from the W 5d states in Fig. 4, which arises from simila
contributions from all the five 5d states. In this binding en
ergy range the experimental bands are described qualitati
rather than quantitatively by the theory. For ‘‘k’’ and ‘‘ j ,’’
qualitatively similar LDA dispersions can be found, how
ever, which have band energies that are approximately

FIG. 14. Energy-band structure of Td-WTe2 alongG-Y (Z-T).
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10 820 PRB 62J. AUGUSTINet al.
eV too high. The measured band energies indicate tha
normal emission the actualk' for ‘‘ k’’ corresponds to the Z
point. However, band ‘‘k’’ in particular, reveals in thek'

direction a dispersion that cannot be ignored, as the 0.5
difference between the pointsG andZ shows. Since the tra
jectory scanned experimentally ink space deviates emission
angle dependently from theGX line, the associatedk' de-
viation leads to discrepancies between theory a
experiment. Better agreement is found for band ‘‘i ,’’ which
shows less dispersion perpendicularly to the layers.

Increased admixture of tungsten orbitals characterizes
bands ‘‘g’’ and ‘‘ h.’’ In accordance with the classification o
Sec. VI A these bands belong to regionC. The states in this
binding-energy range are described better by the theory
quantitatively and qualitatively.

The first emissions dominated by metal orbitals are ba
‘‘ e’’ and ‘‘ f ,’’ which are attributed to regionB. The W
5d3z22r 2 dominated band ‘‘d,’’ which is found at
20.9 eV at theG point, disperses downwards to21.9 eV
at theY point ~see Fig. 14!. Further analysis of the orbita
weighted band structure shows that band ‘‘b’’ possesses
mainly W 5d3z22r 2 orbitals. Hence, the upper part of regio
B between20.8 eV and20.3 eV, shows a considerab
admixture of W 5d3z22r 2 states, the only exception bein
band ‘‘c,’’ which displays a predominantly W 5dyz charac-
ter. Qualitatively the whole region is well described by t
theory. As the measurements in theGZ direction show, the
bands of regionsC andB are distinctly two dimensional so
that k' uncertainties do not play any role.

Since the macroscopic electrical behavior of Td-WTe2 is
determined by the low-energy region, we concentrate in
following on the bands near the Fermi energy, in oth
words, bands ‘‘a’’ and ‘‘ b’’ along the line G-Y (Z-T),
where these states display their strongest dispersion. Th
illustrated in Fig. 17, which shows a small energy range n
EF .

For the emission spectrum atq526° one observes a
double structure in the first 600 meV belowEF . Near theG
point the topmost bands ‘‘b’’ and ‘‘ a’’ approach each othe
to form one broad structure, and separate again in a do
structure beyond theG point. For higher emission angle
‘‘ a’’ and ‘‘ b’’ show a pronounced dispersion away fromEF .
Additionally, the emission of band ‘‘a’’ loses weight until it
finally vanishes at aboutq513° ~see Fig. 12!. Details con-
cerning the low-energy region of WTe2 will be discussed in
Sec. VII.

The spectra for a second high-symmetry direction para
to the layers,G-X (Z-U), are shown in Fig. 13. This serie
is measured from oneG point through the X point atq
514° to the nextG point at q530°. The binding-energy
region given here was chosen in such a way as to show
upper valence band down to24 eV binding energy in more
detail. The orbital character of the bands at the center of
Brillouin zone has already been discussed together with
GY direction. Similarly theGX direction exhibits three va
lence band regions due to the typical orbital character:
upper chalcogen dominatedp-conduction band ‘‘a’’ ~region
A), the metal 5d derived bands ‘‘b’’ to ‘‘ f ’’ ~regionB), and
finally the deep Te 5p-based bands ‘‘g,’’ ‘‘ h,’’ and ‘‘ h8’’
~regionC).
in
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According to this classification, bands between22 and
24 eV binding energy are attributed to regionC, i.e., es-
sentially Te 5p states with some W 5d admixture. Their
qualitative dispersions are in good agreement with the ca
lations, as can be seen in Fig. 15. Here emission maxim
‘‘ h’’ of region C consists of two peaks, assigned ‘‘h’’ and
‘‘ h8’’ because of the better resolution. These bands are ab
0.3 eV apart. This finding can be attributed to spin-or
splitting, which has also been observed for the correspond
Te 5p band in TiTe2.32 Spin-orbit coupling was not in-
cluded in the LDA calculation, and is therefore not repr
duced in the theoretical band structure. The measured b
energy indicates that the actualk' corresponds to some in
termediate position alongG-Z. The qualitative course of this
band is better described in theZU direction in the top plane
of the Brillouin zone as can be seen in a comparison with
LDA band structure in Fig. 3. The same holds for band ‘‘g,’’
which starts in normal emission at22.1 eV and disperses to
the higher-binding energy of22.4 eV at theX(U) point.

Between 22 eV and 21.5 eV there are two LDA
bands, which are not resolved experimentally. The E
spectra in Fig. 15 show a clear minimum in intensity. Ana
gous to the measuring directionG-Z in Sec. VI A, at 19.5 eV
aboveEF , there is a gap in the theoretical band structure
which there are no final states. Correspondingly the pho
electrons do not find any final state to couple on and
therefore not observable experimentally.

For regionsA andB k' uncertainties decrease when a
proaching EF . The agreement between experiment a
theory increases correspondingly. For the low-energy ba
‘‘ b’’ and ‘‘ a’’ one observes a considerably higher intens
at the secondG point than at the firstG point. Following the
superimposed bands ‘‘a’’ and ‘‘ b’’ at q514°, theX point,
their spectral weight increases continuously with increas
emission angles. The profile becomes more and more as
metrical and forq>21° a second maximum, band ‘‘a,’’
splits off, which disperses towardsEF . It reaches a minimal
binding energy of 75 meV atq526°. For even greater emis

FIG. 15. Energy band structure of Td-WTe2 alongG-X (Z-U)
over theX point to the secondG point.
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sion angles again it loses spectral weight, possibly indica
a Fermi-level crossing. Obviously due to the higher intens
for these emission angles it is easier to investigate the be
ior near EF for the greater polar angles. Transforming t
potential crossing point at 26° into the first Brillouin zone,
corresponds toq52°, i.e., 15% of the zone extension
direction G-X. This would be in close agreement with th
theoretical result~see Fig. 15!. A second hint for a Fermi-
level crossing of the uppermost band ‘‘a’’ near G is the clear
appearance of a Fermi edge for emission angles of about
~see Fig. 13!. However, there is a problem remaining, in th
the theory proposes two bands atEF near G ~see Fig. 17!
which are not resolved experimentally.

VII. DISCUSSION

The overriding features of the valence-band structure
Td-WTe2 discussed in Sec. VI, show that the combined
sults of experiment and theory are in good agreement. On
other hand, some differences between theory and experim
exist, particularly atEF and in principle due to the fact tha
the theoretically proposed fine structure of the band struc
is not fully resolved experimentally. As it is this energ
range that determines the transport properties and the
trical character of this material, we will discuss the behav
of band ‘‘a’’ in more detail below.

Figure 16 shows spectra in directionG-Z near the Fermi
energy for photon energies between 16 eV and 19.5 eV.
of the tick mark positions shown here result from fits w
Gaussian profiles in which the Fermi Dirac distribution fun
tion was taken into account, in particular close to the Fe
energy.

Starting from 16 eV excitation energy, one can see t
the emissions from band ‘‘a’’ gain in spectral weight and
decrease again fromhn519 eV. Furthermore, in contrast t
Fig. 10, a marked continuous dispersion to lower bind
energies can be observed. Athn516 eV state ‘‘a’’ has a
binding energy of2170 meV. Up to 18.5 eV photon en
ergy, ‘‘a’’ disperses to its minimum binding energy o

FIG. 16. Energy distribution curves of Td-WTe2 alongG-Z for
small binding energies. The spectra show a discontinuous chan
dispersion athn518.5 eV~see text!.
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270 meV, whereby its full width at half maximum drops t
180 meV. This is the smallest value for all spectra in t
measuring directionG-Z. At higher-photon energies ofhn
519 eV, ‘‘a’’ shows a marked dispersion back to highe
binding energies. As is also visible in Fig. 11, the change
dispersion is discontinuous. In addition, on going fromhn
518.5 eV tohn519 eV the peak intensity decreases dra
tically. In particular, the latter two observations hinder
interpret the behavior of band ‘‘a’’ at hn518.5 eV as a
simple band maximum with the band remaining complet
occupied in the whole range of photon energies given in F
16. In contrast, the following two scenarios are possible.~i!
There may be a crossing of band ‘‘a’’ with another band
‘‘ a8’’ at 18.5 eV photon energy, the details of which a
beyond the experimental resolution. This would explain b
the kink in dispersion and the drastic drop in intensity.~ii !
However, the experimental observations could be likew
understood in terms of a Fermi-level crossing. Although b
interpretations are in agreement with the band structure
sults ~see Fig. 11!, this second alternative is strongly su
ported by a detailed analysis of the half width at half ma
mum of band ‘‘a,’’ which displays the aforementioned
distinct minimum athn518.5 eV. Referring to thek-space
position this crossing is in good agreement with the cal
lated band structure~band III!. The measured and calculate
Fermi vectors agree within 0.03 Å21. However, the overall
dispersion of the photoemission peak appears quantitati
reduced by a factor of 0.4 relative to the LDA results.

From a further comparison with the electronic structu
calculations, a second conduction band crossing the Fe
level at hn519.5 eV ~see Fig. 11! can be predicted.
This crossing cannot be observed in Fig. 16. However, th
is no increase in the spectral weight and no clear dispers
A clear statement in respect of a second crossing can
be experimentally proven because the double structu
of states ‘‘a’’ and ‘‘ b’’ develop into a broad structure a
this photon energy. Within this structure a clear determi

in

FIG. 17. Energy distribution curves of Td-WTe2 along
G-Y (Z-T) for small emission angles. The spectra show a mar
drop in intensity atq54° ~see text!.
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tion of the peak positions is not possible.
Spin-orbit interactions, which had not been taken in

consideration in the LDA calculations can, however, lead
only one crossing through the Fermi level in the measur
direction G-Z. In particular the LDA band III~see Fig. 6!
could split because of the spin-orbit interaction and as a
sult be completely unoccupied. For the Te 5p derived bands,
the spin-orbit splitting at Td-WTe2 could be determined to
0.3 eV in accordance with TiTe2.32

Figure 17 shows spectra alongG-Y (Z-T) near EF for
small emission angles. Noticeable for angles up toq
564° is that the intensity of band ‘‘a’’ increases slightly
and the binding energy reaches a minimum of 90 meV
q54°. Band ‘‘b’’ shows on either side of theG point (q
Þ0°) a clear dispersion to higher-binding energies. As
also visible in Fig. 14, the change in dispersion of band ‘‘a’’
on going fromq54° to q56°, is discontinuous. Addition-
ally, the peak intensity decreases drastically. These exp
mental observations have already been made athn
518.5 eV alongG-Z. In particular, the discontinuity hinde
to interpret the behavior of band ‘‘a’’ as a simple dispersion
back to higher-binding energies. As also can be seen in
14, there may be two metallic conduction bands, labeled
and VI in Fig. 6, crossing the Fermi energy and band ‘‘a.’’
In this case the peak intensity of band ‘‘a’’ should slightly
increase instead of decrease. Therefore, the experimenta
servations points to a Fermi-level crossing of band ‘‘a’’ at
q54° along theGY line. The position of this possible cross
ing is in agreement with the calculated band structure as
be seen in Fig. 14.

The theory proposes six bands crossing the Fermi en
along theGY direction. Near theG point one would expec
to observe two crossings of band I and II atq52° andq
55° ~see Figs. 6 and 14!. One of these crossings may be th
of the experimentally indicated band ‘‘a.’’ Additionally, the
calculated band structure implies that peak ‘‘a’’ consists of
two states near the Fermi level within the low-energy reg
up to a binding energy of20.2 eV, namely, bands I and II
Indeed, structure ‘‘a’’ is relatively broad for all spectra be
tween theG point andq513°. In particular, it can be as
sumed that these broad structures contain additional Fe
level crossings. Furthermore, the LDA calculation yields
drastic character change of band II from predominantly
5p-like to essentially W 5d near and above the Fermi en
ergy. Together with the unresolved states, this can lead t
alteration of the transition probabilities from this band, a
may conceal a Fermi-level crossing. The remaining fo
Fermi-level crossings originate on the one hand from t
crossings of the two metallic bands V and VI, which a
difficult to separate, and on the other hand from bands I
III at 0.6 G Y and 0.4G Y, respectively. These bands are e
ceptionally dispersive and are not observed experimenta
Because of the resulting low density-of-states atEF , these
dispersions are difficult to resolve in photoemission spect
copy. Photoemission measurements at highest resolution
low-temperatures finally will provide information about th
low energy range.

With respect to the transport properties of Td-WTe2, the
orbital weighted LDA band structure offers two possible e
planations: one is based on semimetallic and the othe
o
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metallic behavior: The metallic behavior results from t
very dispersive bands V and VI~see Fig. 6!. The semimetal-
lic behavior should result from several band overlaps,
p/d overlap of the W 5d bands I and II with the Te 5p bands
III and IV ~see Fig. 6!, and the overlap of bands I and II a
theG point. The size of the two overlaps is about 0.5 eV f
the p/d overlap and about 0.2 eV for the overlap at t
Brillouin-zone center. These values could vary if spin-or
interaction effects were included in the calculation.

As mentioned above, bands I and II are mainly deriv
from Te 5p orbitals at the center of the Brillouin zone. Pro
ceeding fromG to the Y point, the admixture of the Te 5p
states decreases noticeably until an almost W 5d character
prevails. The change in the orbital character fromd- to p
predominance indicates that the bands I and II possessp
admixture due to the hybridization with band III. Thes
bands overlap by approximately 0.5 eV, considerably lar
than the 20 meV derived from transport measurements
Kabashima.6 Further contradictions arise from the mo
complicated band structure near the Fermi level presen
here. Instead of only one band we found two electronl
bands~bands I and II! overlapping with one heavy-hole ban
~band III!.

Thus, the theoretical electronic band structure
Td-WTe2 indicates both semimetallic and metallic ban
characteristics that cause the transport properties. Accor
to the semimetallic character Td-WTe2 reveals a directp/d
overlap. This deviates considerably from the standard se
metallic band scheme. Semimetals like TiTe2 ~Refs. 31 and
32! are characterized by an indirectp/d overlap. The ten-
dency of WTe2 to form a semimetallic band scheme was a
proposed by Kabashima.6 However, we found two additiona
metallic bands that also classify WTe2 as a metal. But due to
their large dispersion one would directly expect low densi
of-states at the Fermi level in line with the calculations~Sec.
III !. As a consequence, it is clear that the conductivity
WTe2 is rather low.

The experimental data is in good agreement with the LD
results. In particular, in theGZ direction one Fermi-level
crossing proposed by the theory is indicated in the EDC
Especially the discontinuous dispersion and drop of the
tensity favors this interpretation. In addition, however, t
theory also predicts further Fermi-level crossings which c
not be experimentally observed, in particular in the dire
tions G-Z and G-Y. Especially alongG-Y, the Fermi-level
crossings of the LDA bands III and I~see Fig. 6! do not
occur experimentally. Therefore, in theGY direction thep/d
overlap, cannot be observed. Consequently Td-WTe2 with its
experimentally indicated conduction bands alongG-Z and
G-Y could be a metal with low density-of-states atEF . Not-
withstanding, there is a weak experimental shoulder bey
thosek-space Fermi-level crossing positions of bands III a
I ~up to q513°), which were predicted by the theory~see
Figs. 12 and 14!. If one follows the dispersion of this shou
der fromq513° to q59° it can be assumed that there a
further conduction bands in the directionG-Y, which cause a
p/d overlap. Here, highly resolved measurements at l
temperatures are necessary.

The effect of the distorted crystal structure on the ba
structure of WTe2 still remains unclear. Additional calcula
tions for an 1T structure indicate that the octahedral dis
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tions favor an increasedp-d hybridization. As a conse-
quence, we expect the W 5d bands to shift to higher-binding
energies relative to the undistorted tungst
dichalcogenides—which is indeed observable.

VIII. SUMMARY

We have studied the electronic band structure of the d
torted layered compound Td-WTe2 in both angle-resolved
photoemission spectroscopy and density-functional theor
local-density approximation. The three-dimensional expe
mental band structure of this material has been worked
The overriding features of the valence band structure
Td-WTe2 discussed in Sec. VI, show that the combined
sults of experiment and theory are in good agreement. A
in the low-energy range the angle-resolved photoelect
spectroscopy~ARPES! data appears to confirm the existen
of two conduction bands in the directionsG-Z and G-Y.
Furthermore, some differences between theory and exp
ment exist, particularly in the low-energy range nearEF .
The theory reveals a band structure with a directp/d over-
lap. This band scheme deviates considerably from the c
sical semimetallic scheme. Semimetals are typically cha
e
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terized by an indirect band overlap. In contrast to this, the
present theoretical study reveals for Td-WTe2 a direct over-
lap of about 0.5 eV. This value is considerably larger than
that assumed in previous theoretical work. The purely semi
metallic band scheme is altered in the case of Td-WTe2 by
the addition of two metallic LDA bands. For this reason,
Td-WTe2 could be classified as an intermediate between a
semimetal and a metal with a low density-of-states at the
Fermi level. The ARPES data cannot confirm the existence
of a p/d overlap in theGY direction. However, in theGY
direction there are experimental indications for further
Fermi-level crossings as a weak photoemission structure be
tweenq59° andq513° shows. Close to the Fermi level, in
particular, more highly resolved photoemission measure
ments are necessary alongG-Y.
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30S. Hüfner, Photoelectron Spectroscopy~Springer, Berlin, 1995!.
31R. Claessen, R. O. Anderson, J. W. Allen, C. G. Olson, C. Jano

itz, W. P. Ellis, S. Harm, M. Kalning, R. Manzke, and M. Ski-
bowski, Phys. Rev. Lett.69, 808 ~1992!.

32R. Claessen, R. O. Anderson, G.-H. Gweon, J. W. Allen, W. P
Ellis, C. Janowitz, C. G. Olson, Z. X. Shen, V. Eyert, M. Ski-
bowski, K. Friemelt, E. Bucher, and S. Hu¨fner, Phys. Rev. B54,
2453 ~1996!.


