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We have studied the electronic structure of the layered compound Td-\&&eerimentally 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 JdthéTe
semimetallic character is due to a 0.5 eV overlap of Pe&nd W 5d-like bands alond™-Y, while the metallic
character is due to two classical metallic bands. The rather low conductivity of Td-\W§Tiaterpreted as
resulting from a low density of states at the Fermi level.

[. INTRODUCTION photoemission spectroscopy and augmented spherical wave
(ASW) electronic structure calculations, as based on density-
For more than two decades, layered transition metal difunctional theory(DFT) and the local-density approximation
chalcogenidesTMDC) have served as a kind of prototype (LDA), have been used. The obtained good agreement be-
material for the analysis of the momentum-resolved electween experimental and calculated results lays the ground for
tronic structure of solids. Because of their layered structurea comprehensive comparison and discussion. Slight devia-
the electronic properties are quasi-two-dimensional, makingjons are discussed and can be explained. Of particular inter-
this class of materials interesting for many experimental anest are the bands near the Fermi energy. By analyzing these
theoretical investigations? The two dimensionality leads to bands we attempt to determine whether Td-WTBan be
a small dependence of the electronic structure on the waveslassified as a classic semimetal. To this end, transport mea-
vector component perpendicular to the layeks,, and surements have also been carried out, which reveal semime-
makes the TMDC's ideal candidates for comparing experitallic resistivity. However, deviations from the simple semi-
mental and theoretical electronic band dispersions. metallic band scheme place Td-WsIen the border between
Wilson and Yoffé were the first to propose a simple band metal and semimetal.
model to account for the trigonal prismatic coordination The paper is organized as follows: In Sec. Il we discuss
around the metal atoms of the Group-VIB diselenides andhe basic structural and electronic properties of Td-WTe
disulphides. This coordination is stabilized by the crystal-Before describing the experimental details in Sec. IV, we
field induced lowering of the metal,,2_,2 orbital relative to  discuss the calculational method. Theoretical band structure
the remainingl states' The ditellurides differ: except for the is discussed in Sec. lll. The characterization of the crystals is
low-temperature polymorph-MoTe, they display a dis- given in Sec. V and the photoemission data as compared to
torted octahedral coordination around the metal atomsthe theoretical results are presented in Sec. VI. There we
which are displaced from the centers of the octahedra due tshow the complete valence-band structure along with the de-
strong metal-metal bonding. tailed band dispersion parallel and perpendicular to the lay-
Although the electronic structure of the Group-VIB ers. This is complemented by a comprehensive discussion of
TMDC'’s has been intensively studied, very little work hasthe experimental and theoretical results and by a summary.
been done on the Group-VIB ditelluridedb initio linear
combination of atomic orbitalsLCAQO) calculations of the
electronic structure of Td-WThehave been performed by
Dawson and Bullett,who interpret the semimetallic ground  In 1966, Brown's investigations showed that Td-WTe
state of Td-WTe as being due to its reduced Madelung en-crystallizes in a layered structure similar to that of the 1T
ergy as compared to hypothetical 2H-WT&he electronic  polytype’ The structure can be described as layers of tung-
properties of Td-WTg have been likewise studied by sten atoms that bind two sheets of tellurium atoms into infi-
Brixner® and Kabashim&,who used a three-carrier semi- nite two-dimensional layers. The bonds between the Te-
metal band model to explain the electrical resistivity. W-Te sandwich layers are weak because they result from
The present paper is intended to complement the aforéfe-Te van der Waals interactions. For this reason the space
mentioned studies on Td-WJen both the experimental and between the sandwiches is often called the van der Waals
theoretical side. It is meant to provide a reference for furthegap. The Td structure is shown in Fig. 1.
experiments on the electronic structure of Td-W.Te&here- As in the 1T polytype, the tungsten atoms are octahedrally
fore, we are presenting a combined experimental and theaoordinated by tellurium atoms. However, in contrast to the
retical study of the electronic structure of Td-WTaystals. 1T structure, successive sandwich layers are rotated 180°.
To achieve this end, both high-resolution angle-resolvedrurthermore, the characteristic WgTectahedra undergo

Il. STRUCTURAL AND ELECTRONIC PROPERTIES
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FIG. 2. Brillouin zone of the simple orthorhombic lattice.

ture of Td-WTe should consist of fully occupied Tepb
states, which form extended valence bands, while thedV 5
states possess two electrons. From the nearly octahedral
crystal field at the tungsten sites we expect tldesfates to
separate into the threefoldy manifold and the twofoldg,
manifold. Due to the larger overlap with the ligangd brbit-

als, the latter states exhibit considerable bonding-antibonding
splitting, while thet,, bands reveal an almost nonbonding

character.
I1l. BAND STRUCTURE CALCULATIONS
FIG. 1. Crystal structure of Td-WTe Tungsten and tellurium The calculations are based on dens_ity-functli(z)rfgl theory
atoms are printed in black and gray, respectively. (DFT) and the local-density approximatighDA).”*™ We

employ the ASW methdd in its scalar-relativistic imple-
strong distortions. Their deviation from ideal octahedral ge-mentation(see Refs. 15-17 for more recent descriptions
ometry is accompanied by considerable shifts of the tungstefhis method has already successfully been applied to the
atoms away from the center of the octahedra in order to fornmeighboring LTMD’s Tag,*® TiTe,.!*%° Since the ASW
pairs due to strong intermetallic bonding. method uses the atomic sphere approximatiome had to

Specifically, the tungsten atom is shifted 0.95 A horizon-insert so-called empty spheres into the open crystal structure
tally from the center of the unit cell and 0.21 A vertically of Td-WTe,. These empty spheres are pseudoatoms without
relative to the center of the octahedron. As a result, every nucleus, which are used to model the correct shape of the
second row of W atoms pair, in order to form zigzagged,crystal potential in large voids. In order to minimize the
slightly buckled chains. As a consequence, the telluriunsphere overlap, we have recently developed an algofithm,
atom layers become corrugated, i.e., alternating rows of tewhich solves the problem of finding optimal empty sphere
lurium atoms are vertically displaced by 0.61-0.62°Al  positions as well as radii of all spheres automatically. By
The buckling allows the metal atoms in adjacent octahedra tinserting 18 empty spheres into the simple orthorhombic unit
approach each other with a resulting metal distance of onlgell of Td-WTe, we kept the linear overlap of any two physi-
2.86 A. Each metal atom, therefore, has eight neighbors: sigal spheres below 20%, and the overlap of any pair of physi-
tellurium atoms and two metal atoms, because the metalal and empty spheres below 27%.
atom neighbors are about the same distance from each other Self-consistency was achieved by employing an efficient
as the six tellurium atoms. The off-center position of thealgorithm for convergence acceleratiotiThe Brillouin-zone
tungsten atoms together with the buckling of the telluriumsampling was done using an increased numbek pbints
layers gives the structure a definite ribbonlike aspect and isanging from 54 to 6750 points within the irreducible wedge
presumably responsible for the rodlike appearance of thef the simple orthorhombic Brillouin zone shown in Fig. 2.
Td-WTe, crystals instead of the flat appearance usually asThis way we were able to ensure convergence of our results
sociated with layered compounds. with respect to the fineness of thespace grid.

The stacking of one layer upon another is governed by the Figure 3 shows the calculated band structure along vari-
buckling of the layers so that adjacent layers are keyed toeus high-symmetry directions in the Brillouin zofeee Fig.
gether by an association of ripples and troughs. This giveg). The corresponding W& and Te % partial density-of-
rise to the 180° rotation of adjacent sandwiches and leads tetates(DOS) are displayed in Fig. 4.
the larger simple orthorhombic unit cell with four formula  Except for the Te 8 states, which give rise to a small
units. The space group Bnm2,. Cell dimensions, as mea- contribution above 1.5 eV, all other states play only a negli-
sured on precession photographsre a=6.282 A, b gible role in the energy interval shown.
=3.496 A (both in plang, andc=14.07 A (perpendicular In the band structure a strong anisotropy of the band dis-
to the layers persions is observed. In particular, the very small dispersion

Under the assumption that the bonding between tungsteparallel toI'-Z is contrasted with large dispersions perpen-
and tellurium is solely ionigionic limit) the electronic struc- dicular to this direction reflecting the quasi-two-dimensional
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FIG. 3. Calculated electronic structure of Td-WTelere and in
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the following figures energies are given relative to the Fermi energy

Er.

nature of the layer compound. While the dispersion is Iarger%
for the occupied bands, the dependence is reduced above =
Er, where single well separated bands can be identified. Dués 1k
to this fact, and since most of the occupied bands have thei”
maximum at or just beloviEg (atI" andZ) only few bands
cross the Fermi energy, which gives a first clue to the ob- 0
served low conductivity. In the total DOS this leads to a
distinct minimum atEg; the still finite contribution there
results from the two lowest unoccupied bandd atwhich
bend downward along the lines-X and especiallyl’-Y.
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FIG. 5. Partial W 8l t,; ande, density-of-states. Selection of
orbitals is relative to the local rotated reference fraisee text

Along the latter line these bands cross the Fermi energy and. ) .
reach the Y point at about 1.6 eV. Although the band- dispersion of the bands, results from their large overlap.

width of about 2.5 eV is reminiscent of a typical metal, the
low density-of-states & resulting from the small number

of strongly dispersing partially occupied bands, however, fa
vors interpretation in terms of a semimetal rather than

metal.

The striking similarity of the W 8 and Te % contribu-

Such a strong covalency was likewise observed in additional
calculations for both hypothetical 1 T-WJand 2H-WTg.?*

In contrast to the 1T polytype, however, distortion of the
aNTes octahedra in the Td structure destroys the clear sepa-

ration of the W &l t,4 ande, states. The partial DOS cor-
responding to the singledbcomponents are shown in Fig. 5,

tions to the density-of-states in the whole energy range fronfvhere we used a local rotated reference frame with the Car-
—6.5 to about 4 eV, as displayed in Fig. 4, points to thet€sian axes adjusted to the local octahedron. Note, however,

strong covalent mixing of these states, which, like the strongh@t due to an additional rotation by 45° about thaxis of
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. Partial W 8 and Te P density-of-states of Td-WTge

he octahedron, the andy Cartesian axes make an angle of
45° with the equatorial W-Te bonds. As a consequence, the
d,2_,2 andd,, are exchanged and belong to thg andeg
manifold, respectively. In Td-WTegthe symmetry of thel,,
and dz,2_,2 orbitals as well as of thel._,2, d,, andd,,
orbitals is broken and the latter states experience some
bonding due to the shift of the W atoms away from the
centers of the octahedra. As a consequencetthderived
states display considerable splitting between bonding and an-
tibonding states, which are found below and ab&e re-
spectively, and leave the DOS minimum at the Fermi energy.
According to Fig. 5, the bonding-antibonding splitting is
larger for thed,, andd,, orbitals than for thel,>_ 2 orbitals.
For this reason, the latter states dominate in the energy win-
dow ranging fromEg to 1.5 eV above. Just belo®, the
electronic structure changes from being rather isotropic to
almost exclusivelyd,2 2-like.

In order to lay ground for the subsequent detailed com-
parison of the calculated electronic structure with the angle-
resolved photoemission data we next turn back to a discus-
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0al *xw %//“ 4// ] of dy2_2 character. A completgly different behgvior is dis-
ozl " v §i§§{___1‘n_\ %% it I/‘ i pIayen_j by bands Ill and IV, Whlch, although being degener-
Y - N - /ﬁf ate with bands | and Il at th& point, have a reversed cur-
oz Eg;:"ﬁ?sﬁssg*’*‘l\ \\3;:5@ St ] vature and thus end at 1.4 eV below the Fermi energy at the
_—oal ‘*%sﬁﬂﬁﬁ v \%i%;\igiﬂfﬁ;\\ i Y point. These two bands are of dominant Tig &haracter
% o6 e ;HHEHIHE;&\ %&% \ i throughout their way along-I"-Y (band Ill) or change from
5 o8 g§§§§§§§%¥§z§§§§§ e O\ I | W 5d- to Te 5p-dominated(band IV). From the previous
v L 5 Hﬁxigié\ \ 3 SN v discussion we arrive at the picture of two mainly unoccupied
"l \}&?S\ \;;1 AN \?.:\\ | W 5d-like bands(bands | and I, which overlap with two
s %ﬁg;mmﬂﬂfﬁﬁﬁ *i \\gsmﬁﬁ% Rﬁg?&;}_ pr_edomlnantly occupled Tepblike bgnds(bands Il and I\J_
L _szﬁiﬁﬁﬁﬂﬁﬁi ffzﬁh: N Q\T\*& T3y t S, with an overlap region of approximately 0.5_5 ev. Tak|.ng
sprEEEtEEEn irn, S ﬁﬁfggEIIHEHHHSHH;E bands | to IV alone we would thus end up with a classical
18 LggE et iigﬁig}\éii N semimetal
_ f = Sy SN giSE*gsizaigziffﬁﬁ\ ’ . . . .
27 T 8 * Y However, the just sketched clear picture is undermined by

bands V and VI, which start 0.7 and 0.9 eV abdyeat I,
respectively, dip belowEg at about 0.2V, and disperse
downward until they reach th¥ point at —1.6 eV. With

) . decreasing energy, both bands change from predominantly
sion of the bands. To this end we complement the bandy 54 1o Te 5p character. These bands can be well classified

structure giV‘?“ in Fig. 3 with Figs. 6 and 7. . . as metallic. To conclude, we thus arrive at a combined semi-
In these figures the calculated bands are displayed in g .tallic and metallic behavior for Td-W3e
special representation, where the width of the bars given

with each band is a measure of the contribution from either
the W & or the Te % orbitals. In addition, we have limited
the representation to only a small energy window about the
Fermi energy as well as to the symmetry lifés andI'-Z. The angle-resolved photoemission measurements were

Again, we observe in Figs. 6 and 7 the pronounced quasiperformed at the ® normal-incidence-monochromator
two-dimensionality of the electronic structure. The only peamline HONORMI, at the Hamburg Synchrotron Radia-
small dispersion along the liné-Z is contrasted with rather tion Laboratory(HASYLAB), which covers a photon energy
broad bands along the line-Y. Furthermore, from Figs. 6 range of 9 eWhv<27 eV. The spectrometer consists of a
and 7 the electronic states can be grouped in two differentgp° spherical energy analyzer mounted on a goniometer,
categories: Bands, which are below0.5 eV atl’ andZ  which can be rotated around two independent axes. For the
comprise W & and Te % contributions to a similar degree, spectra represented here, an overall energy resolution of
whereas the higher-lying bands, although likewise being 0B0 meV<=AE<100 meV and an angular resolution &%
somewhat mixed character, experience considerable varia<0.9° were achieved, while the absolute accuracy of the
tion of the band characters across the Brillouin zone. This igmission angle was 0.1°. The position of the Fermi edge of
particularly visible for bands | and II, which, while bending p|atinum was used as a reference for the binding energy of
upward, increase their Wcbweight at the expense of the Te the spectra.
5p character. This holds especially after these bands have The Td-WTe single crystals were grown using the
crossed the Fermi level at about DY and 0.2°Y, respec- chemical vapor transport method in horizontal reactors with
tively. In accordance with the above discussion of the partiabromine as the transport gas. The quality of the crystals was
density-of-states a more detailed analysis of the band strucharacterized by secondary ion mass spectros¢siS) in
ture showed that abov&r both bands are almost exclusively order to examine the chemical purity. Structural and electri-
cal properties were analyzed using Laue x-ray diffraction as
well as temperature-dependent transport measurements. The
Laue diffraction patterns were also used to determine the
high-symmetry directions in reciprocal space. The final
sample orientation for the photoemission measurements was
precisely adjusted from the symmetry of the photoemission
spectra with respect to equivalent high-symmetry directions.
Because of the high quality of the samples and the high
resolution of the experimental setup, an orientation of the
samples with an accuracy of 0.1° could be achieved.

Clean Td-WTg surfaces were prepared situ by cleav-
ing the crystals along their weakly bonded sandwich layers.
Cleavage and photoemission measurements were made at a
base pressure of>310 ° mbar at room temperature. The
complete photoemission data set presented in Sec. VI was
obtained from one sample within a 17 h time frame. There

FIG. 7. Weighted electronic bands. The width of the bars giveriwas no observable time dependence in the spectra due to
with each band indicates the contribution from the fedbitals.  adsorbed residual gas or effects such as band bending. The

FIG. 6. Weighted electronic bands. The width of the bars given
with each band indicates the contribution from the & &rbitals.

IV. EXPERIMENTAL DETAILS
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FIG. 8. Temperature-dependent in-plane resistivity of Td-yTe VI]. ANGLE-RESOLVED PHOTOEMISSION

Spectra shown in this section are energy distribution
results presented here have been reproduced on a total 8flrves(EDC) with either the electron emission ange or
four samples. the photon energhv as a parameter. Through the variation
of the polar angled, the components of the photoelectron
wave-vector parallel and perpendicular to the layers change.
V. CHARACTERIZATION The momentum component parallel to the surface can be

The crystal structure of WEehas been investigated using obtained directly from the kinetic energy and the emission
Laue x-ray diffraction. While all crystals clearly showed a @ngled as

twofold rotation axis, no indication for the 1T- or 2H- 5
e o T =\ s, @
-WTe as proposed by Daw- %2

son and Bulletf, as well as from our own theoretical work,

was checked using transport measurements. This is easiiE,hiS relationship results from the momentum conservation

seen in Fig. 8 where, with decreasing temperature, the inParallel to the surface when a photoelectron leaves the crys-

plane resistivity reaches a residual value, which can be ddal. In contrast, the wave-vector component perpendicular to

termined to beo=4.1x10"% Qcm atT=1.9 K. With in-  the surface is not conserved due to the broken translational

Creasing temperature’ the resistivity rises neariy |inear|}ﬁymmetry. ASSUming direct transitions into free-electronlike

between 20 K and 300 K. Ak=273 K the resistivity can be final states, this component is determined by

determined to b@ =4.4x10"* Q cm. Similar results have

been observed by Brixneas well as by Kabashirfiavho _ \/2me 2

employed a semimetallic band structure including three k.= ?(Ekinco ¥+ Vo),

charge carriers. Above room-temperature excitations from a

lower to the upped band cause decreasing resistivity similar whereV, is the inner potential with respect to the vacuum

to that caused by a degenerate semiconductor. level. The experimental band structugg(k) follows from
The chemical composition and purity of the samples waghe energy conservation,

analyzed using SIMS. All spectra have been recorded for O

primary ions. Positive and negative ions can be detected as Eg=Exin—hv+, ©)

secondary ions in order to study the contamination with elecyareq is the work function of the sample. On this basis, it
tropositive or electronegative materials. Spectra recorded fqg hossiple to measure the dispersion of the valence bands in
positive secondary ions did not show any significant conyarious directions in reciprocal space after orienting the
tamination with electroppsmve materials such as metals. Th%ample. However, in a certain direction parallel to the layers,
search for electronegative substances revealed the ranspgffe s actually not scanning along this direction but rather
agent bromine as can be seen in Fig. 9. along a parabolic path in three dimensional space due to
qumlne was obviously mco_rporated in the crystal; by th.edependence. For quasi-two-dimensional materials like the
chemical vapor transport growing process. Energy d'Sper_s'V%yered transition-metal dichalcogenides, however, one
x-ray (EDX) measurements show the bromine content lying, ;14 also usually expect the electronic band structure not to

i imi 9em3
below the detection limit (5¢ 10°°cm ). Such a small _depend strongly ok, . This will be demonstrated for WTe
density would not be expected to influence the electronig, the following section.

properties of a metallic host crystal significantly, e.g., more
than the self-intercalation effect commonly present in lay-
ered crystals. As mentioned above, the secondary ion emis-
sion probability of negatively charged tungsten atoms is Equation(1) implies that measuring photoemission spec-
rather low. Tungsten is therefore not visible in this spectrumtra in normal emission #=0°) gives k=0. The wave-

@

A. Dispersion perpendicular to the layers
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|11.00
/\,‘*\@'50 other and separate agdihKeeping in mind the periodicity
110.00 ;

9.50 of these bands, and assuming a reasonable valué,fahe
he fe de baﬁm Z point is found to lie at about 18 eV photon energy. Con-
4 3 2 4 0 1 sequently, states excited withv=22 eV stem from the di-

E-Ep[eV] rect vicinity of thel” point. For the uppermost band,” the
Z point and thel” point are found for 17 eV and 21.22 eV
FIG. 10. Energy distribution curves of Td-WJalongI'-Z. photon energy. Th&, thus obtained is 11.5 eV. The theo-

. retically derived inner potential refers to the muffin-tin zero
vector component perpendicular to the plakeslepends on  (MTZ) and can be calculated from

the kinetic energy of the photoelectrons according to(Eg.
Because the kinetic energies of the photoelectrons vary with
photon energy, the Brillouin zone can be scanned along the Vo=@ +E—MTZ (4)
line I'-Z. A selection of valence-band spectra for photon
energies betweenv= 9 eV and 27 eV is shown in Fig. 10. With the experimental work function ab=4.7 eV, we ob-
The binding-energy regiofdown to—4 eV) was chosen tain an inner potential of 11.6 eV, which is in close agree-
to provide more detail in the upper valence band. The emisment with the experimental value. Using the experimental
sion maxima and structures are labeled by small characters wralue for the directiod’-Z we arrive at the band structure
Fig. 10. As is obvious from the spectra series, the dependisplayed in Fig. 11.
dence on photon energ¥ () is quite small except for some For the most dispersive bande™ and “f” in the k;
intensity modulations due to variations of the transition ma-series, the agreement between the experimental and theoret-
trix element. This directly reflects the quasi-two-dimensionalical band structure is very good. Thus, all three criteria for
electronic character of Td-WJgesimilar to that of the 1T- or determining the inner potential lead independently to the
2H-type layered transition-metal dichalcogenides, which dissame value fol/,
play no octahedral distortion. However, such a pronounced It is obvious when analyzing the experimental and theo-
two dimensionality of the band structure is remarkable, evemetical band structures in Fig. 11 that a large number of the
for the layered TMDC's. manifold of theoretical bands are experimentally confirmed.
To find out whichk, values have to be attributed to the In addition, the band energies of experiment and theory
emission features, their weak dispersions have to be investagree well. This is valid for both the higher and lower range
gated in more detail. In general, three different methods obf binding energies. The binding energies of the bands differ
determining the inner potentiad, are employed. It may be by a maximum of 100 meV. In addition, the bands are quali-
(i) adjusted to an optimal agreement between theoretical artatively well described by the theory. Apart from the very
experimental band structuregiji) determined from the good agreement ofé” and “ f,” the dispersion of the bands
muffin-tin zero, or(iii) evaluated from symmetry consider- “g,” “ h,” and “h’” agree well at binding energies higher
ations of the experimentdfg(k,) curves® In the present than—2 eV. For band §,” in particular, the periodicity of
paper, all three criteria are used. To this end, the symmetrigbe Brillouin zone can be observed in agreement with the
of the most dispersive bands in the series are analyzed theory.
(see Fig. 1D Intensity criteria are also used. From the result- A further analysis of Fig. 11 shows that the calculation
ing Vo, the experimental band structuig(k,) can be de- predicts more bands than were experimentally resolved. This
duced, which is compared to the theoretical band structureis valid both for the range neaEr and that below
The bands ¢” and “ f” are the most dispersive structures —1.5 eV binding energy. This explains the seeming over-
in the directionl’-Z. These states periodically approach eachestimation of the dispersions by the theory, especially for

-1.0 4

E-E[eV]

-15

254

intensity (arb. units)
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bands ‘c” and “d.” The range of lower binding energies eration, the overall energy resolution is abowtE
with the bands ‘a” and “b” is particularly affected. =140 meV. Especially the LDA bands I to I, which have
In the following discussion, both the orbital character andig pe assigned to banda® (see Fig. 6, differ in binding
the dispersion of the individual bands will be addressed. Abnergy by at most 60 meV and hence are not separated ex-
this point it should be emphasized that results from the calperimentally. Particularly considering spin-orbit interactions,

culated band structure are used in this and in the followingpis ¢oid lead to interferences that possibly obscure a clear
sections in the analysis of the orbital character of the experiz, i jevel crossing, electronic fine structure, akd

mental bands..Welghted,-resoIved banc_i structures are us?ddependence? This problem exists also at higher-binding
in order to assign single band symmetries. These calculations PR
and “ h,” which do not demon-

were not always represented in Sec. lll. The bands dnd :tr;ztrglzsisfoértsrilgnba'lrjr?;(; theoretical fine structured counter-
“b" are of special interest since they determine the low P ) u

energy properties of WEe parts are not resolved experimentally.

Due to the good agreement of band energies it is possible According to .the analysis of the. ba”‘,‘ str.ucture, with re-
to assign band b" definitely to the LDA band IV in Fig. 6. spect to the orbital charact(_ar, as given in Figs. 6 and 7, the
The analysis of the orbital character as given in Figs. 6 and $ands labeled €” and “d” in Fig. 10, which range from
allows us to attribi a W 51 and Te % character to band 0.7 eV to 0.9 eV belovEg, arise from similar contributions
“b.” In this energy region the tungsten contributions derivefrom the W & and Te 3 states. From a more detailed
mainly from theds,2_ > states. Note that in this context, the theoretical analysis, we are able to assign tecbntribu-
labelling of the orbitals refers to the global reference frametions almost exclusively to theda,2_,2 (band “d”) and
with the Cartesian axes adjusted to the primitive translation§d,, states (band ‘“c”). In Td-WTe, the W
of the lattice. Starting from th& point up to half thelZ  5dz2_,2-dominated band is thus lying at higher-binding en-
distance, band B” is well described by the theory except ergies than in the case of WSe2°
for minor deviations. However, the calculations show that Between—1.6 eV and—1.8 eV there are two LDA
the closer one gets to the Brillouin-zone boundary, the moréands that cannot be observed experimentally. A comparison
marked the three-dimensional electronic behavior becomesyith the EDC spectra in Fig. 10 shows a clear minimum of
more than was in fact experimentally observed. intensity at this binding energy. This discrepancy between

The same applies to peala:” Apparently, the course of experiment and theory can be attributed to final-state effects.
band “a” is experimentally only slightlyk, dependent. |n the range of the final states at 19.4 eV abByehe theory
However, detaile.d anal_ysis shows a slight dispersion o&hows at thd” point an 0.6 eV wide gap. With increasing
structure “a” to higher-binding energies between 13 eV t0 gpproximation to theZ point, the size of this gap increases.
17 eV photon energy. Apparently ban@™ disperses sym-  Neglecting correlation effects, this lack of final states could
metrically about the Z point. In particular, at the_BnIIom_Jln— explain why the calculated bands cannot be observed experi-
zone boundary the calculations show clearer dispersion tﬂwentally alongl’-Z. It is expected that it will also be pos-

lower-binding energies, which cannot be observed in the‘Sible to observe this final-state effect along the parallel mea-

EDC's. It is to be assumed that these discrepancies can bseuring directionl"-X

attributed to the probability that there are more bands in thé At higher bindi ies th dina final stat
range of lower-binding energies than are experimentally rel—. tlgd er f'tnh.'ng energ(ljes N corresgon ng 'ﬂa st esd
solved. Up to a binding energy 6f0.5 eV, the calculations le outside of this gap and agreement between theory an

show four bands, two of which remain unoccupied over Iargee_Xperlment IS restored. Duemt()“the”good ﬁ\grﬁement, Itis pos-
sections of the Brillouin zone. With increasing approxima-SiPle to assign the bandsg,” “ h,” and “h"" to almost
tion to theZ point these states should be occupied, and there2qual contributions from the Tepsand W I states.
fore be observable by means of photoemission spectroscopy. 10 summarize, it is convenient to divide this spectra se-
A clear assignment of banda” to a definite calculated state [ies into three different regions, namely) the upper chal-
and therefore to a definite orbital symmetry in this respect i€ogen dominated j»-derived conduction bandd” (region
difficult. The weighted energy-band structures in Figs. 6 andd), (i) the mainly metal 8-derived bands b” to * f”
7 point, however, to a Tefbcharacter in this binding energy (regionB), and(iii ) the deep Te p bands ‘g,” “ h,” and “
range. h’,” which are hybridized with W 8l states(regionC). All
The almost two-dimensional electronic character meathese regions consist of almost flat bands albrg. Thus, in
sured near the Fermi energy indicates apparently, that bandemparison to layered systems with more regular metal-
“a” and “ b” could be occupied over the whole of the Bril- chalcogen units the three dimensionality of the electronic
louin zone. In this respect the Fermi-level crossings preproperties is very reduced in Td-WJe
dicted by the theory cannot be directly observed in the Generally, from the comparison in Fig. 11, we find good
EDC'’s. A more detailed analysis of the low-energy range oragreement between experiment and theory. Where deviations
a smaller energy scale shows, however, that baad fn are observed, they can be well understood as due to final-
particular, could show a Fermi-level crossing at photon enstate effects or to thermal broadening of the photoemission
ergies between 17 eV and 19.5 eV. Further discussion of thifeatures. Going beyond the assignment of binding-energy
binding energy range can be found in Sec. VII. ranges to definite atom orbitals, it is possible to draw the
The reason for the experimentally unresolved electroniconclusion that the approximation of parabolic final states
fine structure, particularly ned&tr, lies in the broadening of seems suitable for Td-W%en directionI'-Z. In particular,
the peak widths due to the chosen temperature. Takinthe determination of the high-symmetry poirifs and Z,
monochromator and energy analyzer resolution into considwhich is important for the following parallel measuring di-
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rections, was successful as bands™* f,” and “g” espe-
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FIG. 14. Energy-band structure of Td-WiTalongI'-Y (Z-T).

trated above, the electronic states near the Fermi level ex-

cially demonstrate. Thi, uncertainty at these points seems cited by this energy are located in the direct vicinity of the

to be minimal.

B. Dispersion parallel to the layers

The valence-band dispersions of Td-WEdong the high-
symmetry directiond™-Y (Z-T) andI’-X (Z—U) are rep-

point in normal emission.

In the direction’-Y (Z-T), 11 bands are identified be-
tween—7 eV and the Fermi level. Again they are marked
with lower-case characters. The experimental band structure
Eg(k) derived from the EDC’s of Fig. 12 is displayed and
compared to the theoretical band structure along thellirve

resented in Figs. 12 and 13, respectively. In the discussion ai Fig. 14.

the bands along these high-symmetry directions we will con- As can be seen in this figure the number of the LDA
centrate especially on the orbital character of the bands angknds is very large: 30 calculated bands are to be found in
semimetallic behavior. The samples were irradiated by synthis direction. The resulting density-of-states is very high

chrotron radiation of photon energzw=21.22 eV. As illus-

intensity {arb. units)
-
DO
©Q 0 000 00 00

TLLLLLLT

FIG. 13. Energy distribution curves of Td-WJyealong I'-X
(Z-V).

compared with transition-metal dichalcogenides in the 1T
structure. Therefore, as already mentioned in Sec. VI A, not
all LDA dispersions are experimentally resolved. Corre-
spondingly, clear assignments of experimental to calculated
bands are difficult. This applies to both directidnsy and
I'-X, oriented parallel to the layers.

Again we can identify the three regiors B, andC, as
defined in the previous analysis of the spectra, measured
along the directiod™-Z. A further series of bands, emissions
“i” to " k,” appears in the energy range between
—6.0 eV and-4.0 eV, which was not included in Figs. 10
and 11. From the band calculations, in particular from the
partial DOS shown in Fig. 4, these emissions can be attrib-
uted mainly to Te p states. The corresponding energy range
is assigned as regioD. States in this region represent the
deep chalcogen states. Dispersions of similar magnitude are
also observed in undistorted layered systems. Their energetic
position is in accordance with the simple band model of
Wilson and Yoffe However, we can still observe admixture
from the W X states in Fig. 4, which arises from similar
contributions from all the five & states. In this binding en-
ergy range the experimental bands are described qualitatively
rather than quantitatively by the theory. Fok™and “j,”
qualitatively similar LDA dispersions can be found, how-
ever, which have band energies that are approximately 0.5
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eV too high. The measured band energies indicate that in
normal emission the actull 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 eV
difference between the poinis andZ shows. Since the tra-

0.0

jectory scanned experimentally knspace deviates emission- -1.0
angle dependently from thEX line, the associateld, de- —
viation leads to discrepancies between theory and o
experiment. Better agreement is found for barid’‘which mcn
shows less dispersion perpendicularly to the layers. | =20

Increased admixture of tungsten orbitals characterizes the™
bands ‘g” and “ h.” In accordance with the classification of
Sec. VI A these bands belong to regiGn The states in this
binding-energy range are described better by the theory both 3.0
guantitatively and qualitatively.
The first emissions dominated by metal orbitals are bands
“e” and “f,” which are attributed to regiorB. The W | o
5d3,2_,2 dominated band d,” which is found at —4.0 '
—0.9 eV at thel’ point, disperses downwards tel.9 eV
at the'Y point (see Fig. 14 Further analysis of the orbital FIG. 15. Energy band structure of Td-WgTalongT-X (Z-U)
weighted band structure shows that band”“possesses over theX point to the second’ point.
mainly W 5d,,2_,2 orbitals. Hence, the upper part of region
B between—0.8 eV and—0.3 eV, shows a considerable  According to this classification, bands betwee2 and
admixture of W l;,2_,2 states, the only exception being —4 eV binding energy are attributed to regi@h i.e., es-
band “c,” which displays a predominantly Wd,, charac-  sentially Te % states with some W & admixture. Their
ter. Qualitatively the whole region is well described by the qualitative dispersions are in good agreement with the calcu-
theory. As the measurements in th& direction show, the lations, as can be seen in Fig. 15. Here emission maximum
bands of region€ andB are distinctly two dimensional so “h” of region C consists of two peaks, assigneth’ and
thatk, uncertainties do not play any role. “h'” because of the better resolution. These bands are about
Since the macroscopic electrical behavior of Td-Wi® 0.3 eV apart. This finding can be attributed to spin-orbit
determined by the low-energy region, we concentrate in thegplitting, which has also been observed for the corresponding
following on the bands near the Fermi energy, in otherTe 5p band in TiTe.*? Spin-orbit coupling was not in-
words, bands &” and “b” along the line I'-Y (Z-T), cluded in the LDA calculation, and is therefore not repro-
where these states display their strongest dispersion. This éiced in the theoretical band structure. The measured band
illustrated in Fig. 17, which shows a small energy range neaenergy indicates that the actual corresponds to some in-
Er. termediate position along-Z. The qualitative course of this
For the emission spectrum dt=—6° one observes a band is better described in ti#dJ direction in the top plane
double structure in the first 600 meV beldst. Near thel’ of the Brillouin zone as can be seen in a comparison with the
point the topmost bandsB” and “ a” approach each other LDA band structure in Fig. 3. The same holds for barg™
to form one broad structure, and separate again in a doublghich starts in normal emission at2.1 eV and disperses to
structure beyond thé& point. For higher emission angles, the higher-binding energy of 2.4 eV at theX(U) point.
“a” and " b” show a pronounced dispersion away frdfq. Between —2 eV and —1.5 eV there are two LDA
Additionally, the emission of bandd” loses weight until it  bands, which are not resolved experimentally. The EDC
finally vanishes at aboul=13° (see Fig. 12 Details con- spectra in Fig. 15 show a clear minimum in intensity. Analo-
cerning the low-energy region of WJavill be discussed in  gous to the measuring directidiZ in Sec. VI A, at 19.5 eV
Sec. VII. aboveEg, there is a gap in the theoretical band structure in
The spectra for a second high-symmetry direction parallelvhich there are no final states. Correspondingly the photo-
to the layers]'-X (Z-U), are shown in Fig. 13. This series electrons do not find any final state to couple on and are
is measured from on& point through the X point aty  therefore not observable experimentally.
=14° to the nextl’ point at 9=30°. The binding-energy For regionsA andB k; uncertainties decrease when ap-
region given here was chosen in such a way as to show thgroaching Er. The agreement between experiment and
upper valence band down te4 eV binding energy in more theory increases correspondingly. For the low-energy bands
detail. The orbital character of the bands at the center of theb” and “ a” one observes a considerably higher intensity
Brillouin zone has already been discussed together with that the second’ point than at the first' point. Following the
I'Y direction. Similarly thel'X direction exhibits three va- superimposed bandsa™ and “b"” at 9=14°, theX point,
lence band regions due to the typical orbital character: théheir spectral weight increases continuously with increasing
upper chalcogen dominatgdconduction band &” (region  emission angles. The profile becomes more and more asym-
A), the metal ®l derived bands b” to “ f” (regionB), and  metrical and for9=21° a second maximum, banda;”
finally the deep Te p-based bands ¢,” “ h,” and “ h"” splits off, which disperses towards-. It reaches a minimal
(regionC). binding energy of 75 meV at=26°. For even greater emis-
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FIG. 17. Energy distribution curves of Td-WJealong
-Y (Z-T) for small emission angles. The spectra show a marked

sion angles again it loses spectral weight, possibly indicatin rop in intensity atd - 4° (see text

a Fermi-level crossing. Obviously due to the higher intensity
for these emission angles it is easier to investigate the behav- 70 meV, whereby its full width at half maximum drops to
ior near E for the greater polar angles. Transforming the180 meV. ,This is the smallest value for all spectra in the
potential crossing point at 26° into the first Brillouin zone, it measuring directio’-Z. At higher-photon energies dfv
corresponds toy=2°, i.e., 15% of the zone extension in _ 19 oy “3” shows a.marked dispersion back to higher-
dr:recuo_n FI'X' T|h|s WOl.Jld be in closeda%(eel;nent with t.he binding energies. As is also visible in Fig. 11, the change in
theoretical resu (see Fig. 15 A seco’q int for a Fermi- dispersion is discontinuous. In addition, on going from
level crossing of the uppermost band*near I is the clear  _ 18,5 eV tohy=19 eV the peak intensity decreases dras-

appearance of a Fermi edge for emission angleg .Of apout 2qiocally. In particular, the latter two observations hinder to
(see Fig. 18 However, there is a problem remaining, in that

he th band I Fia 1 interpret the behavior of banda” at hy=18.5 eV as a
the theory proposes two ban s nearl (see Fig. 17 simple band maximum with the band remaining completely
which are not resolved experimentally.

occupied in the whole range of photon energies given in Fig.
16. In contrast, the following two scenarios are possibe.
VII. DISCUSSION There may be a crossing of band™ with another t_)and
“a'” at 18.5 eV photon energy, the details of which are
The overriding features of the valence-band structure obeyond the experimental resolution. This would explain both
Td-WTe, discussed in Sec. VI, show that the combined re-the kink in dispersion and the drastic drop in intensiti).
sults of experiment and theory are in good agreement. On thidowever, the experimental observations could be likewise
other hand, some differences between theory and experimenhderstood in terms of a Fermi-level crossing. Although both
exist, particularly aEg and in principle due to the fact that interpretations are in agreement with the band structure re-
the theoretically proposed fine structure of the band structureults (see Fig. 11, this second alternative is strongly sup-
is not fully resolved experimentally. As it is this energy ported by a detailed analysis of the half width at half maxi-
range that determines the transport properties and the ele;um of band ‘a,” which displays the aforementioned
trical character of this material, we will discuss the behaviordistinct minimum athr=18.5 eV. Referring to th&-space
of band “a” in more detail below. position this crossing is in good agreement with the calcu-
Figure 16 shows spectra in directidrZ near the Fermi lated band structuréband Ill). The measured and calculated
energy for photon energies between 16 eV and 19.5 eV. AlFermi vectors agree within 0.03 Al. However, the overall
of the tick mark positions shown here result from fits with dispersion of the photoemission peak appears quantitatively
Gaussian profiles in which the Fermi Dirac distribution func-reduced by a factor of 0.4 relative to the LDA results.
tion was taken into account, in particular close to the Fermi  From a further comparison with the electronic structure
energy. calculations, a second conduction band crossing the Fermi
Starting from 16 eV excitation energy, one can see thafevel at hy=19.5 eV (see Fig. 11 can be predicted.
the emissions from bandd" gain in spectral weight and This crossing cannot be observed in Fig. 16. However, there
decrease again fromy=19 eV. Furthermore, in contrast to is no increase in the spectral weight and no clear dispersion.
Fig. 10, a marked continuous dispersion to lower bindingA clear statement in respect of a second crossing cannot
energies can be observed. Ab=16 eV state ‘a” has a  be experimentally proven because the double structures
binding energy of—170 meV. Up to 18.5 eV photon en- of states ‘a” and “b” develop into a broad structure at
ergy, “a” disperses to its minimum binding energy of this photon energy. Within this structure a clear determina-
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tion of the peak positions is not possible. metallic behavior: The metallic behavior results from the
Spin-orbit interactions, which had not been taken intovery dispersive bands V and Véee Fig. 6. The semimetal-
consideration in the LDA calculations can, however, lead tdic behavior should result from several band overlaps, the
only one crossing through the Fermi level in the measuringd/d overlap of the W 8 bands | and Il with the Te p bands
direction'-Z. In particular the LDA band Ili(see Fig. § Ill and IV (see Fig. 6 and the overlap of bands | and Il at
could split because of the spin-orbit interaction and as a retheI" point. The size of the two overlaps is about 0.5 eV for
sult be completely unoccupied. For the T 8erived bands, the p/d overlap and about 0.2 eV for the overlap at the
the spin-orbit splitting at Td-WTecould be determined to Brillouin-zone center. These values could vary if spin-orbit
0.3 eV in accordance with Tie? interaction gaffects were included in the calculat|9n. _
Figure 17 shows spectra aloigY (Z-T) near Eg for As mentlone_d above, bands | and Il are mamly derived
small emission angles. Noticeable for angles up o from.Te 5p orbitals at the genter of thg Brillouin zone. Pro-
==+4° is that the intensity of banda” increases slightly ceeding froml” to the Y point, the admixture of the Tefb

- L Ftates decreases noticeably until an almost &@lVcharacter
and the binding energy reaches a minimum of 90 meV a revails. The change in the orbital character frdmto
d=4°. Band "b” shows on either side of th& point (¥ b y 9 b

o . . . - . .spredominance indicates that the bands | and Il possess a
#0°) a clear dispersion to higher-binding energies. As i admixture due to the hybridization with band Ill. These
also visible in Fig. 14, the change in dispersion of bard *

! 9% . < bands overlap by approximately 0.5 eV, considerably larger
on going from#=4° to §=6°, is discontinuous. Addition-  than the 20 meV derived from transport measurements by
ally, the peak intensity decreases drastically. These experkapashimd&. Further contradictions arise from the more
mental observations have already been made hat complicated band structure near the Fermi level presented
=18.5 eV alongl’-Z. In particular, the discontinuity hinder here. Instead of only one band we found two electronlike
to interpret the behavior of banda™ as a simple dispersion bands(bands | and I} overlapping with one heavy-hole band
back to higher-binding energies. As also can be seen in Figband IlI).
14, there may be two metallic conduction bands, labeled V Thus, the theoretical electronic band structure of
and VI in Fig. 6, crossing the Fermi energy and barad™  Td-WTe, indicates both semimetallic and metallic band
In this case the peak intensity of bané™ should slightly  characteristics that cause the transport properties. According
increase instead of decrease. Therefore, the experimental ofe- the semimetallic character Td-Wleeveals a direcp/d
servations points to a Fermi-level crossing of baral’ ‘at overlap. This deviates considerably from the standard semi-
¥=4° along theY line. The position of this possible cross- metallic band scheme. Semimetals like TiTRefs. 31 and
ing is in agreement with the calculated band structure as caB2) are characterized by an indireptd overlap. The ten-
be seen in Fig. 14. dency of WTg to form a semimetallic band scheme was also

The theory proposes six bands crossing the Fermi energyroposed by Kabashinfadowever, we found two additional
along thel'Y direction. Near thd" point one would expect metallic bands that also classify Wias a metal. But due to
to observe two crossings of band | and Il&&2° andd  their large dispersion one would directly expect low density-
=5° (see Figs. 6 and 140ne of these crossings may be that of-states at the Fermi level in line with the calculatigBgc.
of the experimentally indicated banda:” Additionally, the  Ill). As a consequence, it is clear that the conductivity of
calculated band structure implies that peak’consists of ~ WTe, is rather low.
two states near the Fermi level within the low-energy region The experimental data is in good agreement with the LDA
up to a binding energy of-0.2 eV, namely, bands | and Il. results. In particular, in thé"Z direction one Fermi-level
Indeed, structure &” is relatively broad for all spectra be- crossing proposed by the theory is indicated in the EDC's.
tween thel’ point and9=13°. In particular, it can be as- Especially the discontinuous dispersion and drop of the in-
sumed that these broad structures contain additional Fermiensity favors this interpretation. In addition, however, the
level crossings. Furthermore, the LDA calculation yields atheory also predicts further Fermi-level crossings which can-
drastic character change of band Il from predominantly Tenot be experimentally observed, in particular in the direc-
5p-like to essentially W 8 near and above the Fermi en- tions I'-Z and I'-Y. Especially alongdl’-Y, the Fermi-level
ergy. Together with the unresolved states, this can lead to atrossings of the LDA bands Il and (see Fig. 6 do not
alteration of the transition probabilities from this band, andoccur experimentally. Therefore, in ther direction thep/d
may conceal a Fermi-level crossing. The remaining fouroverlap, cannot be observed. Consequently Td-Wilieh its
Fermi-level crossings originate on the one hand from twoexperimentally indicated conduction bands aldhgz and
crossings of the two metallic bands V and VI, which areT'-Y could be a metal with low density-of-statesigt. Not-
difficult to separate, and on the other hand from bands I andithstanding, there is a weak experimental shoulder beyond
lllat 0.6 Y and 0.4I" VY, respectively. These bands are ex-thosek-space Fermi-level crossing positions of bands Il and
ceptionally dispersive and are not observed experimentallyl. (up to 9=13°), which were predicted by the theofsee
Because of the resulting low density-of-statesEat these  Figs. 12 and 14 If one follows the dispersion of this shoul-
dispersions are difficult to resolve in photoemission spectrosder from 9=13° to 4=9° it can be assumed that there are
copy. Photoemission measurements at highest resolution affigrther conduction bands in the directibnY, which cause a
low-temperatures finally will provide information about the p/d overlap. Here, highly resolved measurements at low
low energy range. temperatures are necessary.

With respect to the transport properties of Td-WTie The effect of the distorted crystal structure on the band
orbital weighted LDA band structure offers two possible ex-structure of WTe still remains unclear. Additional calcula-
planations: one is based on semimetallic and the other otions for an 1T structure indicate that the octahedral distor-
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tions favor an increaseg-d hybridization. As a conse- terized by an indirect band overlap. In contrast to this, the
quence, we expect the Wi%hands to shift to higher-binding present theoretical study reveals for Td-WTEedirect over-
energies relatve to the undistorted tungstenlap of about 0.5 eV. This value is considerably larger than

dichalcogenides—which is indeed observable. that assumed in previous theoretical work. The purely semi-
metallic band scheme is altered in the case of Td-\\Mde
VIIl. SUMMARY the addition of two metallic LDA bands. For this reason,

Td-WTe, could be classified as an intermediate between a

We have studied the electronic band structure of the dissemimetal and a metal with a low density-of-states at the
torted layered compound Td-W7én both angle-resolved Fermi level. The ARPES data cannot confirm the existence
photoemission spectroscopy and density-functional theory igf a p/d overlap in thel'Y direction. However, in thd'Y
local-density approximation. The three-dimensional experidirection there are experimental indications for further
mental band structure of this material has been worked outermi-level crossings as a weak photoemission structure be-
The overriding features of the valence band structure ofweend=9° andd=13° shows. Close to the Fermi level, in
Td-WTe, discussed in Sec. VI, show that the combined reparticular, more highly resolved photoemission measure-
sults of experiment and theory are in good agreement. Alsgnents are necessary alofigY.
in the low-energy range the angle-resolved photoelectron
spectroscopyARPES data appears to confirm the existence
of two conduction bands in the directiodsZ and I'-Y.
Furthermore, some differences between theory and experi- We would like to thank D. Kaiser for her support in crys-
ment exist, particularly in the low-energy range nézt. tal growth. Furthermore, we would like to thank Dr. S. Ro-
The theory reveals a band structure with a dingtd over-  gaschewski for performing the EDX analysis. This work re-
lap. This band scheme deviates considerably from the clageived funding from the BMBF under Project No. 05 622
sical semimetallic scheme. Semimetals are typically charadHA.
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