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Band structure of MoS,, MoSe,, and a-MoTe,:
Angle-resolved photoelectron spectroscopy andb initio calculations
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In this work the complete valence-band structure of the molybdenum dichalcogenides MoSe, and
a-MoTe, is presented and discussed in comparison. The valence bands have been studied using both angle-
resolved photoelectron spectroscd®RPES with synchrotron radiation, as well &b initio band-structure
calculations. The ARPES measurements have been carried out in the constant-fing@#S&tmode. The
results of the calculations show in general very good agreement with the experimentally determined valence-
band structures allowing for a clear identification of the observed features. The dispersion of the valence bands
as a function of the perpendicular componéptof the wave vector reveals a decreasing three-dimensional
character from Mogto a-MoTe, which is attributed to an increasing interlayer distance in the three com-
pounds. The effect of thiEL dispersion on the determination of the exact dispersion of the individual states as
a function of IZH is discussed. By performing ARPES in the CFS mode Iip@:omponent for off-normal
emission spectra can be determined. The correspo@iwlue is obtained from the symmetry of the spectra
along thel’A, KH, andML lines, respectively.
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[. INTRODUCTION formed so far which were used to explain experimental re-
sults from absorption measureméntsand early photoemis-
The molybdenum dichalcogenides belong to the largesion work'®~* From the literature about these materials no
family of layered transition metal dichalcogenides whoseconsistent picture emergésee, e.g., Ref. 14 for a review,
crystal structure results from the stacking of sheets of hexand references therginTherefore, we address in this work
agonally packed atoms. It consists of weakly coupled sandthe electronic band structure of all three binary dichalco-
wich layersX-Mo-X in which a Mo-atom layer is enclosed 9enides on equal footing by ARPES measurements and by
within two chalcogen layers{=S, Se, T All three MoX,, “sta_lte-of-thg—art”ab |n|'§|o band structure calculations. I'n ex-
compounds crystallize in theH, structure and Mo§ as periment, high-resolution photoelectron spectrometesith

well as, MoSe also crystallize in the 3R structure. In both of respect to emission angle and en_e)rg;e u_sed. n ad_dltlon,
these polytype structures the coordination of the metal atom@e_ constant—fmal;stal(?:FS mode 's applied to obtain data
is trigonal prismatic. In this work, i, samples are investi- Which shows lowk, dispersion. As to the theory, the elec-
gated. For MoTga phase transition from the semiconductingtronic properties of all three molybdenum dichalcogenides
2H,-type a-MoTe, to a metallic polytypeB-MoTe,, with a ~ are calculated within density functional theof®FT) em-

monoclinic structure having a distorted octahedral coordinaPloying the local density approximati¢hDA) (Ref. 15 and
tion is known!=3 The 2H, polytype, in the following as- spin-orbit interaction is included. The present photoemission

signed as MoTg is stable below=815°C. data andab initio results constitute the first comprehensive
The MaX, compounds are indirect semiconductors with picture of the electronic valence-band structure of all three

indirect (direch band gaps of 1.261.78 eV for MoS,, 1.10  molybdenum dichalcogenides.

(1.42 eV for MoSe, and 1.00(1.10 eV for MoTe,.> Since

the optical band gaps are matching well with the solar spec- Il. CRYSTAL STRUCTURE
trum these materials are used for electrodes in high effi-
ciency photoelectrochemic#PEQ cells? In the molybde- The 2H,-polytype of the crystal structure of the Mg

num dichalcogenides the phototransitions involvelayer compounds is characterized by a stacking sequence
nonbondingd orbitals of Mo atoms. Therefore, these mate-/AbABaB (A, B: chalcogen atom layerss, b: Mo atom
rials can be expected to resist hole-induced corrosibe-  layer9.'® A unit cell and the corresponding first Brillouin
spite of the major importance of the Mg compounds in zone are displayed in Fig. 1. In this structure, a Mo atom
solar cell production, to date no comparative band structuréayer is sandwiched between two chalcogen layers. The two
determination from experiment and theory has been reporteX-Mo-X sandwich layers per unit cell are laterally displaced
In general, it is expected that the gross features of thavith respect to each other so that the Mo atoms of the upper
band structures of all three dichalcogenides are quite similasandwich layer are directly above the chalcogen atoms of the
but, in addition, also some characteristic differences are to blwer sandwich layer in the unit cell and vice versa. The
expected. Several band structure calculations were pesandwich layers are coupled only by weak van der Waals
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(a) (b) MoS, to MoTe, mainly due to the increasing ionic radius of
,,,,,,,,,,,, the chalcogen ions, while the&/a ratio remains nearly con-
J stant.
| =

IIl. EXPERIMENTAL APPROACH

w | ¢ b" A. Sample preparation and experimental setup
o = SN A

Naturally grown molybdenite (Mo$ was used for this
work. Excellent samples with sizes up to<3 mn? have
been extracted from a larger piece. Single crystals of MoSe
,,,,,,,,,,,, anda-MoTe, were grown using the chemical vapor transport

‘ method (CVT) where bromine was used as the transport
a/V3 agent.
Coarse orientation of the samples was achieved by LEED

FIG. 1. Crystal structur¢a) and the first Brillouin zongb) of patterns which were recorded under ultrahigh-vacuum con-
the 2H,, structure of the M. ditions before cleavage. From the sharpness of the diffraction

patterns it can be concluded that the single crystals are of
forces giving rise to the quasi-two-dimensional character ohigh quality. Next, a small aluminum post was glued on top
the electronic structure. of the samples and they were inserted into the photoemission

The lattice parameters of the direct lattigec, w, andz ~ chamber. After preadjustment, the crystals were cledued
are indicated in Fig. 1. In this work, we use averages of the&sjtu by knocking off the aluminum posts. This was done at
a and c values, as reported in the literature from differentroom temperature under ultrahigh-vacuum conditioms (
experiments:**®The thickness of a sandwich layer is taken <2x 10"1° mbar) to minimize surface degradation or con-
to be Z with z=0.12%. Therefore, an interlayer distance tamination. Immediately after the cleavage a reference spec-
w=c/2—2z=0.24Z follows. In Table | the used average trum was recorded to check the surface quality from time to
experimental structure parameters, the resultirg ratios, time. Even after up to fourty hours of data acquisition at
and the calculated reciprocal lengths of the most importantoom temperature no significant changes were observed. This
high-symmetry linegsee Fig. 1(b)] are given. In addition, is due to the crystals cleaving at the van der Waals gap re-
the covalent radii of the chalcogen atoms and the ionic radisulting in a rather inert surface.
of the twofold negatively charged chalcogen ions are given. The measurements have been performed at the synchro-
In the dichalcogenide crystals, the actual charge of the chatron radiation centers HASYLAB in Hamburg, Germany,
cogens is between the two limiting values & &nd—2e as  and at BESSY-I in Berlin, Germany. The typical photon en-
a simple population analysis of the calulated density of statesrgy range ofhhv=9---30 eV and a monochromator reso-
shows. It is obvious from Table | that the interlayer distancelution of below 90 meV was used. The photoelectron spec-
w, as well as, the lattice parameteasand ¢ increase from trometers are hemispherical deflection analyzers mounted on

two-axis goniometers. These are the WESPHOA-III station

TABLE |. Structural parameters of theHg polytype of the at the HONORMI beamlindW3.2) at HASYLAB and the
molybdenum dichalcogenides for the direct and reciprocal latticenew photoemission station AR 65 at thenaNIM1 and
The parametez, i.e., half the thickness of a sandwich layer, is given 2m-SEYA beamlines of BESSY#’ For the measurements
by z=0.12%. The size of the van der Waals gagpis calculated as  presented here, a monochromator resolution of 30—-90 meV
¢/2—2z. Furthermore the size of the Brillouin zone is determinedand an analyzer resolution of 50 meV were chosen, yielding
by the respectivé values. In addition, the covalent and ionic radii an overall resolution of less than 100 meV. This is sufficient
of the chalcogen atoms are given. The corresponding radii of mosince all measurements were performed at room temperature.

lybdenum are Mo: 1.40 A and Md: 0.70 A, respectively. The maximum acceptance angle of the photoelectrons was
~A9*0.8°.

MoS, MoSe, MoTe,
a[A] 3.160 3.299 3.522 B. The CFS mode in photoemission
c[A] 12.294 12.938 13.968 Photoemission spectroscopy can be performed in several
27A] 3.172 3.338 3.604 different modes to determine the occupied bandstructure.
w[A] 2.975 3131 3.380 Most common is the energy distribution cur¢gDC) mode
c/a 3.891 3.922 3.966 in which the photon energy is held constant and the detected
TA [A™1] 0.255 0.243 0.225 kinetic energy is varied. With the emission angle(with
'mMm[A™ Y 1.148 1.099 1.030 respect to the surface normahd the detected kinetic energy
TK [A ™Y 1.325 1.270 1.189 Eyin Of the photoelectrons the wave-vector component paral-
MK [A~1] 0.662 0.636 0.594 lel to the planes is determined by the dispersion relation
leov [A] S: 1.04 Se: 1.17 Te: 1.37 1
Fion [A] S?:1.84 Sé7:1.98 Té :2.21 k| = 5 [2MeE s, sin©. (1)
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The k, component is not conserved since the electrons C. Data analysis technique
travel through the crystal surface. If the final state band can Each spectrum measured in the present work has been
be approximated by a free electron parabola starting at thmodeled by a curve fitting program based on the Levenberg-
inner potentiaV,, the following equation can be deduced: Marquardt algorithnf® The model function is created by
convoluting a sum of peaks plus Shirley-backgratingith
the Gaussian shaped spectrometer function. Many emission
. 1 features with larger binding energy reveal a Lorentzian line
k. |= %\/zme(Ekin'Cos’Za"'VO)- (2 shape which is in agreement with the physical nature of the
electronic states. A typical full width at half maximum of
200-400 meV indicates that the intrinsic line shape cannot
_ . _ be influenced by the spectrometer function since the latter
Obviously,k, has to be larger than (i) y2meVo inorder a5 always chosen to be lower than 100 meV in widi.,

to be able to observe photoemitted electrons outside thﬁnalyzer plus monochromator resolutioince in the CFS

G 15 whether this approximation can be Used for the ma[1%€ e whole spectrum belongs to one spekifiecor,

. ; . X the line shape cannot be influenced by dispersion effects
lybdenum dichalcogenides in the final state energy range i -h mav oceur in EDC spectra
used in this work. Recently Strocat al®!° have claimed y P :
that this approximation might not be suitable for two-

dimensional layered transition-metal dichalcogenides. We IV. BAND-STRUCTURE CALCULATIONS
will come back to this point in Sec. V A. In addition, Strocov The LDA-DFT calculations have been carried out em-

et al. found for TiS, and VSe that the inner potentidV, is . : .

- ) ploying the norm-conserving, nonlocal pseudopotentials of
dependent ork for these materials. In the present study of Bachelet, Hamann, and Séten?? The exchange-correlation
the molybdenum dichalcogenide¢, has been determined energy was taken into account using the Ceperley-Afder
by LEED-/V curves where intial electron energies betweeny,m as parametrized by Perdew and Zurfjeks a basis to
50-250 eV have been used. Fdp we have determined ygpresent the wavefunctions, we use 120 Gaussian orbitals of
12.0+2.3 eV in Mo$, 14.5-15 eV in MoSe and 16.1 g p d, ands* symmetry per sandwich layer and spin. At
+1 eVin MoTe. An error of about 1.5 eV can be assumedeach atomic position, 40 orbitals are localized. The decay
for the determination oW, by the LEED4/V curve tech- constants of the Gaussians employed are
nique. Larger errors result from the statistical spread overp.17,0.45,1.18,2.0for Mo, {0.17,0.45,0.90,1.70for S,
several samples which have been investigated. For norm?b‘17,ol45'0_90,1.80f0r Se, and{O.17,0.43,1.05,2.6}0for
emission the critical_ point_s can be found accurately from therg (in atomic unit3. A real space mesh with linear spacings
symmetry of the dispersion of the uppermost band alongy ahout 0.2 A is used for the representation of the charge
['AT. By this procedure the experimental band structure afjensity and the potential. The spin-orbit interaction is treated
the high symmetry points can directly be compared to then an on-site approximation, i.e., only integrals with the same
corresponding calculated band structure. location of the Gaussian orbitals and the spin-orbit potential

The constant-final-state mode has some advantages willre taken into account. Brillouin-zone integrations have been
respect to the EDC mode. For example, E@S. and (2)  carried out using 12 speciklpoints in the irreducible part of
show that bothk components depend on the kinetic energy.the Brillouin zone.

Therefore, the emission features in an EDC spectrum are In our calculations we find, that a number of electronic
affected by a dispersion in both directions. For a stronglyfeatures depend sensitively on the lattice parameters. There-
dispersing band the corresponding peaks are asymmetrfore, we have used in the calculations reported in this work a
within the EDC spectra. This can be avoided in the CFSvalue of z=0.12% for half the diameter of the sandwich

mode, where bottk components KH andk,) are kept con- layers as obtained in experiment in order to arrive at a more
stant. A spectrum at a new value of e@ is adjusted by meaningful comparison between theoretical and experimen-

B LS tal results. Our calculations afby total energy minimization
choosing a coupleH,;,,9) for which k;, remains constant.

o with a and c being held constajptyield 0.12% for MoS,,
The range of these values is Ilmlted by the mo.nochromato .12& for MoSe,, and 0.12¢ for MoTe,, i.e., values which
energy range so that not all high-symmetry d|rect_|on§ Ar%re somewhat lower than the experimental values.
accessible. Another advantage of the CFS mode lies in the
fact that the detected kinetic energy at the analyzer is kept
constant, too. Since the transmission function increases for V. RESULTS AND DISCUSSION
lower E,;, values an EDC spectrum typically reveals an in-
creased background towards the low energy region, which . .
cannot be determined exactly. In the CFS mode, only the AS mentioned rilbove, the knowledge of the final state and
characteristics of the monochromat@e., photon flux per the corresponding, component is very important when the
photon energyinfluences the background of each spectrum.CFS mode is applied in photoemission. Equati®nassumes
But this can be determined exactly, e.g., by measuring thé&ee-electron-like final-state bands which in general, as
current of a reference gold mesh which is positioned in thelaimed by Strocoet al,*® might not be a good approxima-
photon beam. tion for layered transition-metal dichalcogenides. As a result

A. Final states
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from their study of Ti$ and VSe, the authors argued that
the complicated dispersion of the final state bands affects the
band mapping in a way that tH;s_\L component remains un-
determined. In contrast, it can be expected for quasi-two-
dimensional materials and especially for the Xjocom-
pounds that theE(IZL) dependence is significantly smaller
than theE(k;) dependence.

To determine experimentally the critical points at the zone
edge a number of CFS spectra have been recorded. In par-

ticular, CFS spectra witﬁH vectors along th&' K direction at

four different k, values corresponding to (0.&/c,

—0.25 #/c, 0.50 w/c, and 1.0 w/c) were recorded and
analyzed. The first of these four values corresponds to spec-
tra taken along th€K and the last along thaH direction in

the Brillouin zone. The experiments were carried out for
MoS, at the HONORMI beamline in HASYLAB(DESY,
Hamburg where a photon energy range lof=10-30 eV

can be used. MgSwvas chosen since this material is expected
to reveal the most pronounced three-dimensional character in
the band structure. Nevertheless, the respective dispersion in
most cases was found to be very small, as compared to the

dispersion of the bands along th7)q in-plane directions.
Within the available photon energy range it was possible to
record CFS series along tHeK (AH) directions at four L S S B

. - 00 02 04 06 08 10 12
differentk, values.
Figure 2 presents the experimental band-structure features F/A K/H

as resulting forE(IZH ;k, fixed) with the four differentk, _ _

values noted above and indicated in the figure. For the sake FIG- 2. The experimentally derived band structure of MoS
of clarity only pronounced emission features in the spectr&0Ng thel'K andAH, as well as, two other paraliel lines as indi-
are shown in the figure. The filled circles mark th di- ~ c2ted in the inset.

rection with thek, value of thel’ point. In general, the question originates from sulfurBvalence states and its dis-
symbols of the other three series of measured features for thgarsion is determined by the interaction of these states across
other threeIZL values lie very close to the circles. This is the van der Waals gap.

especially striking for the upper bands néaiH. Only the To obtain further evidence that thé and theM point at

two uppermost measured bands nEaA show a significant the zone edge can be accurately determined, CFS series
dependence on thie, value. Also the bands between2.0 along theKH and ML high-symmetry lines were recorded.

and—6 eV do not reveal a very pronounc&gk, ) depen- 1he respectivé, values have been calculated by using Eq.
dence. (2) even if this approximation is quite coarse. This is suffi-

cient since the determination of the critical points has been

At this point it is very revealing to compare some of the . V. In thi M h h
above discussed experimental results with results of quone experimentally. In this case, Mg3gas chosen as the

i . - example since it shows a distinct spin-orbit splitting along
band-structure calculations. A respective comparisorkfor  ihe K Jine in addition to a clear three-dimensional band
equivalent to zero, i.e., along tH&K direction is shown in

: ) character. After analyzing the spectra by the curve fitting
Fig. 3. An amazingly good agreement between theory an%pproach discussed above, a wédK, ) dependence is ob-
experiment for most of the bands is obvious in Fig. 3 lendi”g?erved in the data ' +

0

further support to the accurate experimental determination This is shown in Fig. 4 where the experimental data are
the high symmetry line. Most of the Mod and S ompared to the corresponding calculated bands. The energy
3p-derived bands between 0 ands eV are found to be in - axis is aligned to the valence-band maximum which results
very good agreement. Only the $-8lerived band around  from further investigations presented in the next sections.
—6 eV shows significant deviations. One possible origin ofFirst we note that there is a reasonable general correspon-
this behavior in experiment could be the large width in thedence between the number and energy position of measured
underlying data, especially &t so that the assignment of the and calculated bands. Even the dispersion of the theoretical
measured structures to a well-defined binding energy is difand experimental results show good agreement in cases. The
ficult. Another origin of the seeming disagreement could beabsolute binding energy for the topmost emission features,
related to the symmetry dependence of the observed specti@bwever, are slightly lower than the energies of the respec-
features. We come back to this point in Sec. V B. The band inive calculated bands. One can therefore conclude from the
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e — poor agreement with theory. In particular, the calculated
1YY . bands show a significaikt dispersion while experiment ob-
serves nearly dispersionless states. We have observed the
same behavior already in Fig. 3, where two bulk bands at
-1 e about —6 and —7 eV were found while experiment ob-
e e ® O e —o— served only one very narrow band. We come back to this
point further below. For théML direction a direct compari-
';' -2 71 ® o r son of the bands in the latter energy region is not possible,
9 \\ _e—0_ since the respective bands could not be observed in experi-
= PY ment because of the limited monochromator energy range.
2 31 \ eoe
= °
=] s © N \
| ® o B. Valence-band structure alongl’A
4 PN e | Normal emission s i
< pectra for all three materials were re-
NN corded at various beamlines at HASYLAB or BESSY-I syn-
5 ' chrotron sources, respectively, in the energy range of
13-30 eV. The energy axis is referred to the valence-band
o . o maximum which was determined in connection with the
60 ® oo o0 LD | complete valence-band structure as described in the follow-
ing sections. To determine the band structure from the spec-
tra series all spectra were modeled after the removal of a
—r small Shirley backgrogr‘?&l by a sum of Gaussian and
00 02 04 06 08 10 12 Lorentzian profiles. Th&, value within the Brillouin zone
to which each peak has to be attributed was calculated from
r K Eq. (2). As pointed out above, in this limited energy range of

FIG. 3. Experimentally derived band structutgymbolg of abo_ut_ 10-30 e_V this eque}tion can be used allowing for a
MosS, along thel'K line in comparison with the respective calcu- Sufficiently precise calculation of the, value for each en-
lated bulk band structurésolid lines. ergetic peak position. For larger energies the deviation of the

final states from free-electron-like behavior must be taken

. . . into account. Here target current spectroscopy might be ap-
dispersion and energy position O,f the topmost bands anBlied to first determine the coupling bands and then measure
from the bands in the energy region arour@.5 eV that i hhotoemission spectra in the CFS mode with the final
the K and theM points can be determined. By having the g,:a belonging to the specific coupling bafd>2®
three high symmetry points, namely, K, andM, one is able Before addressing the observed band structures dléng
to scan all high-symmetry lines. . in detail we note that only each secoligoint is observed in

_ Despite a good correspondence of the states with smallef, e riment. According to Ref. 27 this is due to the fact that
binding energies up to-3.0 eV the states between3.5 i, \onsymmorphic crystal structures the symmetry of the
and —4.5 eV along theKH symmetry line show a fairly - inq) state is not always unique as it is for symmorphic struc-
tures. The I'A direction A consists of the pointsk
=2m/c(0,0,6) with 0<85<3. A represents a group with a

,_
=
=
=
=

0.0 0.0
o5 :@;ﬁf&; o5 number of operations which are listed for instance in the
R Feoge T sl above reference. For example a plane wave of the form
-1.0 -10 ;;;ffw:’j;;;’;;@ exdi2m/c(0,0,6)(x,y,z)] is transformed by any operation
15 5| ma, e from A to an irreducible representation and this plane wave
: belongs to, e.g., A;. In contrast a plane wave
s o g%’ L veatesesapereensts? eXF[iZ%T/C(0,0ﬁ-F 1% (x,yl, )] which is strechedpby a recipro-
§ 25 b w25 et e cal lattice vector 2r/c(0,0,1) belongs ta\,. Obviously the
Y goso e symmetry depends on the length of the wave vector. For a
85 [N et | g AR given final state symmgtry this leads to th'e .o'bserved missing
5 FO S5 of each secondl' point since each second initial state reveals
401~ \\.%«'//‘é?\\" -40 N I an odd symmetry. This fact has to be taken into account in
-45 7/:3"“\»“/1:,&\1 N / the comparison to the band structure calculations.
S M et s sl The experimental band structures aldngl” are shown

5.0 -5.0
170 195 219 243 268 170 195 219 243 268

K A] K A in Figs. 5, 6, and 7 together with the results of our band

structure calculations. In one cadgég. 5 we have included
FIG. 4. Experimental valence-band structufgymbolg of  the density of states of the bands along Ih& direction, as

MoSe, along the symmetry linekH and ML in comparison with ~ well. We first address the experimental results. In general, for

the calculated bandsolid lines. all three materials one can easily distinguish at least two
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ATATA r AT AT AT AT
0 Q@;}@ 0 3 ="
o R S LT T
Q:cat’:’o. oo o o o 4 B * o|le o
2 g —1 e s e -
%‘ ” oo \.’..«0 ..XZ‘/"\S’
; O =1 27 N7 | N | N [eap |
m fed k3
=
uIJ —4* Qn %‘ %ocvx% .’..‘.0000'0
m _5 o 0“()’: QQEQQ : _3 ) ..\" *
@
|.u>
1 o
- -4 o
6 >/..\/ N4 u
_7 ' NN .
2.04 255 3.06 357 4.08 DOS I RAlR 7% s o
k, [A™] .
FIG. 5. Experimental valence-band struct(ggmbols of MoS, -6 /\/\/\/\
along thel’A high-symmetry line in comparison with the calculated
band structurdsolid lineg. Open symbols denote weak measured _7
structures. The error bars are due to the limited experimental energy 2.02 225 248 270 292 3.15 3.38 3.60 3.83
and angular resolution and due to uncertainties from the curve fit- k, AT
ting. In addition, the density of states for the bands albify is )
plotted. The contributions of particular molybdenuhstates is in- FIG. 7. Experimental valence-band structufgymbols of
dicated by the shaded regions. MoTe, along thel’A high-symmetry line in comparison with the

calculated band structuisolid lineg. Open symbols denote weak
dispersive structures and a number of nearly nondispersiv&tructures. The error bars are due to the limited experimental energy
bands. The uppermost valence band, as well as, the bar@d angular resolution and due to uncertainties from the curve fit-
with the largest binding energy reveal a significﬁptdepen- ting.
dence. The width of the uppermost band betwE&eand A

r AT AT AT AT decreases from MgS0 MoTs,, i.e., the bands become more
0 two-dimensional and IesléL dependent. This effect is not so
os A%, |, e o strong for the band with the largest binding energy but also
ki noticeable. From this result one may conclude that the latter
-1 poestesetotetetote e 2eed o+ might be predominantly of chalcoggm, orbital character,
A[\ N ’0‘/’ A . . . . .
R R et which is relatively strongly influenced by the following
= X' e / sandwich layer in the crystal. Indeed, our band structure cal-
. A culations exhibit a contribution of the chalcogpy orbitals
2asfes sty telteted, 0,000, . .
~ * from 66 to 60 % for the three chalcogenides to this state. In
L -3 1% /ap A2 iy/"o °, co\ contrast, the influence of the next sandwich layer on the pre-
- PALELN SN il dominantly Mo 4,.-derived stateg61 to 68 % metald,2
E 4 il s character at the valence-band maximum decreases rapidly
PO I "ol a with the increasing size of the unit cell.
o It should be noted that in all compounds the topmost band
-5 at the second’” point (for which it can be observedies at
o larger binding energies in comparison to the first one. This
6 T nie*, / may be attributed to two effects. First, the analyzer has a
/\ . \ fixed maximum acceptance angleg,,,. Thek resolutionAk
depends on this acceptance angle and on the kinetic energy
1194 519 243 567 2.92 3.16 340 3.65 5.89 [see Eq(l)].Asslumingﬁmaxzo_8° then for the first” point
k, (A7) Ak~0.020 [A~1] while for the second one it isAk

_ ~0.036 [A~*]. Since thd" point is the point with the high-

MoSe along thel’A high-symmetry line in comparison with the - . > .
calculated band structufsolid lineg. Open symbols denote weak from I' to larger binding energies. For a loweresolution

structures. The error bars are due to the limited experimental enerdj?e band position at ak values within this range must be
and angular resolution and due to uncertainties from the curve fitintegrated. This yields an emission feature with a maximum
ting. at a larger binding energy. The second effect might be the
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reduced information depth at higher photon energies. If thaispersion shows the symmetry properties, as discussed
mean free path becomes lower than one unit cell, khe above, in that only one of the two bands between consecutive
dependence will smear out and the spectra will reflect a mork POINtS is seen in experiment. The agreement between the
one-dimensional density of stat&s. respective theoretical and experimental bands is particularly

Below the two dispersive bands a number of nearly per_f:lose for MoTe as can be seen in Fig. 7. By the same token,

fect dispersionless bands are observed. The density of stattid?©cOMes most obvious, why experiment observes in this

: L energy region for one particuldr point either the upper or
resolved with respect to Modtand S 3 character in Fig. 5 the lower band but not both. Since the experimental data

clearly reveals the physical origin of some of these features. - o
From the results of our band-structure calculations it is mosPlotted in Fig. 3 were recorded for one particukarat thel’

obvious, that these bands are two-dimensional and can H¥INt only one band could be observed.
attributed to Mo 4l states(see the calculated density of
states in Fig. 5 for that matterin the calculations, they are C. Valence-band structure along the in-plane directions

located at about-1.8 and—3.1 eV and the bands are sepa-  After the discussion of the valence-band structure in the
rated in both cases due to spin-orbit interaction. For MoSTA direction we now focus on the directions parallel to the
this splitting is too small to be observed in experiment. |n|ayers_ We discuss the band structures a|0ng the h|gh-
contrast, for the other two compounds the photoemissiogymmetry lined'K, I'M, andMK of the Brillouin zone. The
data clearly exhibit the splitting of the dispersionless band$'K direction is the longest high-symmetry line. In the case
at about—1.5 and—1.1 eV, respectively. In MoSethis  of the molybdenum dichalcogenides this direction is most
energetic separation is about 300 meV and for Moités  important since the energetic position of the topmost emis-
about 500 meV. So, the energetic separation of these twsion features at thE and theK point determine a number of
spin-orbit splitted band groups, as well as, their binding enelectrical and optical properties.
ergy decrease towards the tellurium compound in very good Figure 8 shows CFS spectra for the three molybdenum
agreement between theory and experiment. The density afichalcogenides recorded along th line. The respective
states in the other energy regio(see Fig. % is compara- final state was chosen such that remains in thel'KM
tively small, so that respective band-structure features arplane within the whole series of spectra. Here the experimen-
more complicated to measure. tal determination of thd”, K, andM point has been taken
Thus a comparison with the calculated band structures iihto account.

general shows very good agreement, indeed, in spite of the A number of features is easily recognized in the spectra of
fact that some experimentally observed emission features qelg_ 8. The three series reveal a close similarity of E{&)
Q(r)r:igifgrttsf;?fghfnga;%lgsg?R(Sa.Il)r\]/vael.l,tﬂg)riﬁ?iiﬁompounds SUChehavior of most emission features. Startinglati.e., k|

! he g energy state atg o A1y tg theK point the states near3.2 eV and the
about—4.5 eV. Typically this is only a very weak structure |, yest pinding energy disperse towards larger binding ener-
but it is also directly visible in the spectra of, e.g., MAB  gies This is different from the two topmost emission fea-

the energy range of 21-23 eV. Additional states may alsQ,res, which separate from each other after nearly halfway
arise from transitions of an initial state to a neighboring final;\yardsk and move with nearly constant width K

state with different binding energy. Since an energy distribu-  ryo the spectra in Fig. 8 it can be deduced that for MoS
tion curve provides only combined information of the initial, o topmost emission feature ndareveals the weakest in-

as well as, the final state it cannot be distinguished betwee{énsity compared to the other compounds. Since this state is
such effects. Of course, one would expect that only one COYsreqominantly derived from the Mod4z orbitals (see previ-
pling band is suitable for a given initial state but as it has,, ;s sectiophigh spectral intensity for this state is expected.
been stated by Stroccet al,™ in some cases an additional ¢ ghoy|q be decreased for a lower lattice paramateue to

final state branch may exist. The emission intensity is ther, shielding by the chalcogem orbitals. Indeed this is ob-

expected to be lower as from the main branch and this can hg, e Furthermore, the topmost emission feature reveals a
supported by the observed features in the present SpeCtra'decreasing dispersion from Me% MoTe,.

Additional valence bands between the nondispersive The spectra for thd'K and I'M directions are largely
bands and the topmost valence band are experimentally ojijar The spectra along tHe K direction show relatively
served but not supported by theory. A number of the respecs i dispersions, as compared to those albhgandT'M.

tive spectral features are quite intense and might not be Xy 110 features with the smallest bindin o ho i
plained by different coupling branches. In Mo& least two prr(]:-?:/iablee dis;(rar:ig\: smafiest bindling enerdy show ap

strong emission features appear at aboutl.3 and

—0.8 eV which are quite nondispersive for lower photon

energies. For higher photon energies, i.e., beyond the second D. The spin-orbit splitting at K

I" point the band near 0.8 eV begins to disperse to smaller  Before discussing the complete valence-band structure of

binding energies while the band which is found energeticallythe three molybdenum dichalcogenides, we first briefly ad-

below the former vanishes. dress the effects of spin-orbit coupling on the spectra and the
Finally, we note that all three valence band structures imand structures. A distinct splitting of the emission features

Figs. 5, 6, and 7 show valence bands within the energy rewith lowest binding energy at th¢ point can be observed in

gion from —5-7 eV with significantk, dispersion. This Fig. 8. It is most obvious for MoTeand is only visible as a
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FIG. 8. ARPES spectra recorded in the CFS mode along the high-symmetrljKinaf the three molybdenum dichalcogenide com-
pounds. The size df; at theK point is given in Table I.

weak shoulder in the MgScompound. Figure 9 shows the
relevant part of the spectra for each compound where the
double emission feature is assigned wXhand Y, respec-
tively, in line with previous work on MoTe?® A broad ad-
ditional emission feature denoted as “add.” is taken into ac-
count which is present in all three spectra just below pe¢ak

The size of the splitting of these bands at oint in
the experimental spectra and in the theoretical results is
listed in Table Il. From Mog to MoTe,, the splitting in-
creases with increasing Mibcharacter of the bands. Further-
more, the energetic position of the bands move towards the
valence-band maximum at tHé point (see Fig. 9.

The general trend in the observed energetic differences
whithin the row of the three dichalcogenides is observed in
the theoretical results, as well. The experimentally observed
splittings of the emission feature§ and Y at the K point,
however, are about 100 meV smaller than the respective cal-
culated splittings.

Another point concerning the splitting &t is connected
with the interpretation of two structures in optical measure-
ments. Optical absorption spectra of all three ¥acom-
pounds display excitonic features characteristic of the group
VIA transition metal dichalcogenidés®As claimed by Coe-
hoornet al,** who observed a splitting of 0.21 eV for MoSe
at theK point, these states give rise to the so-callednd B
excitons. The splitting found in Ref. 11 for MoSenatches FIG. 9. Double emission feature for the three dichalcogenides at
well with the observed energetic difference of theandB  the K point. Filled circles denote the experimental data while the
excitons(see, e.g., Ref. 31and therefore the authors con- solid lines represents the fit curve as obtained from the sum of two
cluded that probably the exciton peaks arise from the twdGaussiangdashed lines(X,Y) and an additional weak emission
possible transitions at th¢ point. feature labeled “add.”
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TABLE Il. Energetic separation of the emission featuxesndY 3
at theK point in comparison with the calculated splitting. The right
column gives the energetic distance betweenArandB excitons
following from optical absorption measuremefiigef. 6.

Splitting at K A, B excitons

Exp. ARPES data Calculation Exp. opt. data
MoS, 16110 meV 258 meV 180 meV
MoSes, 17510 meV 294 meV 250 meV
MoTe, 23810 meV 331 meV 380 meV

Additionly, Finteis et al. found the valence-band maxi-
mum of WSe to be located at theK point in their
experiment£8°2 The latter authors also concluded that the  _;
double emission feature at tiepoint is the signature of the
two initial states of the excitoné and B. To attribute the
double emission feature at thepoint to the initial states of
the excitonsA and B is at variance, however, with several

investigations using optical absorption measurenferits denote weak structures. The error bars are due to the limited experi-

Ieadin_g to the result that approprie}te transitions forAhm_d mental energy and angular resolution and due to uncertainties from
B excitons should occur at the point. However, according  the curve fitting.

to the present experimental data the peak distances as listed
in Table Il for the double featurK, Y for all three materials A close look at the valence-band structure of all three

are too small compared to the energetic distance of the excinaterials reveals a very good general agreement between
tonic lines measured by, e.g., Bealal® Even though a shift measured and calculated bands. The total valence-band width
between the initial states and the observed energy distance gf found to decrease from Mg®ver MoSg to MoTe, both

the excitons is possibiéthe magnitude of the observed shift in experiment and theory.

cannot be explained within the thedfiit must be concluded The dispersion of the uppermost bands away fiorto-
accordingly that the double emission featdeY at theK  \ardsk andM reveal also quantitative matching. However,
point does not correspond to initial states of the excitdns  the energetic positions of the calculated bands in the vicinity
and B In line with the optical absorption measurementsf the high-symmetry poink differ with a maximum differ-
cited above and from the location of the VBM at thigooint  ence of 200 meV in the case of MoSeélso the calculated

it is suggested that the topmost occupied staté' a the  spjitting of the bands & (already discussed abous about
initial state for theA andB excitons. 100 meV larger than observed in experiment. The general

FIG. 10. Experimental valence-band structuiymbolg of
MoS, along the in-plane direction® I', 'K, andKM in compari-
son with the calculated band structusmlid lineg. Open symbols

E. Complete valence-band structures 3

In Figs. 10, 11, and 12 the experimentally observed spec- 2 %%// \//t
tral features(see Sec. V Cof each molybdenum dichalco- | =]

genide compound are plotted as a band structure along th

high-symmetry linesMI'KM in direct comparison with the

results of our band-structure calculations. A projected ban

structure has not been used since the respective criticee,

points have been determined experimentally. H
The lower unoccupied bands are also shown. Except fol!

the gap problem within the LDA the dispersion of these ! et

bands should be correct. The comparison with the results o ol ]

inverse photoemission investigations on Ma&efs. 35,36

confirms this finding. Also studies on the similar material - w

WSe, show good qualitative agreemetitThus it can be \

concluded that the minimum of the conduction bands is lo-

cated nearly halfway betwedhandK, indeed. Furthermore, M r K M

the valence-band maximum is foundIatin all three com- FIG. 11. Experimental valence-band structuigymbol$ of

pounds. This is confirmed for all three materials by the ex-\pse, along the in-plane directiondT’, TK, andKM in compari-

perimental data. From the present band structure calculatiorgn with the calculated band structusslid lines. Open symbols

it follows that the energetically lowest indirect transition is denote weak structures. The error bars are due to the limited experi-

from I to ~3T'K and the lowest direct transition occurs at mental energy and angular resolution and due to uncertainties from

K. the curve fitting.
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I’'KM plane, this band is found experimentally in Ma8 be
~100 meV below a rather dispersionless band in the calcu-
lated band structure and about 100 meV above the respective
band for MoSe and MoTe. On the other hand, alongA

only in the case of MoTgethis band results from the theory.

In band structure calculations for tHe001) surface of
MoX, (X=S, Se, Tg, which we have carried out using a
slab of 9 sandwich layersnethod as described in Ref.)37
we have found states located at the first few sandwich layers
of the surface in this energy range. The respective bands
exhibit only a small dispersion around the center of the sur-
face Brillouin zone in agreement with the experimentally
observed bands. Therefore, one might attribute these bands
in the photoemission data to surface states.

E-E;, [eV]

M T K M VI. CONCLUSIONS

FIG. 12. Experimental valence-band structuiymbols of In our investigations, we have determined the complete
MoTe, along the in-plane directiodI', I'K, andKM in compari-  yglence-band structure of MgSMoSe, and a-MoTe, on
son with the calculated band structusmlid lineg. Open symbols equal footing by experiment and theory. It was found that the
denote weak structures. The error bars are due to the limited expefj3jence bands resulting from angle-resolved photoelectron
mental energy and angular resolution and due to uncertainties fro@pectroscopy in the constant-final-state mode and fabm
the curve fitting. initio calculations are in very good overall agreement. Our
results yield the first comprehensive picture of the electronic

trend in decreasing blndmg energy of the top of the valenc%ulk valence-band structure of all three molybdenum dichal-
bands at M, as observed in experiment, results from theor ogenides

as well. Only the absolute energetic location of the topmos

state atM is about 200 meV too low as compared to the ACKNOWLEDGMENTS
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