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I
nteresting new physics and opportu-
nities for designing novel electronic
devices emerge when stacking two-

dimensional (2D) crystals in so-called van
der Waals heterostructures.1 Apart from the
possibility of protecting reactive 2D materi-
als with the rather inert graphene, such
structured materials offer the intriguing
possibility, for example, to combine the
relativistic Dirac particles that exist in
graphene2 with the strongly bound exci-
tons that can be generated in the transition
metal dichalcogenides (TMDCs).3,4 Many
TMDCs constitute a class of 2D direct gap
semiconductors in the single layer (SL) limit
where MoS2 has been a forefront material
in this research field;a development that
can be attributed to the fact that SL
MoS2 is easily isolated from its bulk crystal

counterpart by mechanical exfoliation.5,6

This approach has unveiled a great variety
of phenomena associated with the coupling
of electron spin and valley degrees of free-
dom in the material, such as valley polariza-
tion in the photoluminescence from the
primary exciton line.7�9 Recent advances in
synthesismethodshave led to the realization
of other SL TMDCs, such as MoSe2 and
WSe2, revealing that many of the interesting
traits in MoS2 are also carried over to these
materials.10�14 Stacking SL TMDCs and gra-
phene has led to vertical tunneling transis-
tors with high on�off ratios and efficient
optoelectronic devices;achievements which
hinge on the combination of a direct band
gap in SL TMDCs and excellent carrier trans-
port behavior in graphene.15�18 Combining
the different SL TMDCs in heterostructures
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ABSTRACT In this work, we demonstrate direct van der Waals

epitaxy of MoS2�graphene heterostructures on a semiconducting silicon

carbide (SiC) substrate under ultrahigh vacuum conditions. Angle-

resolved photoemission spectroscopy (ARPES) measurements show that

the electronic structure of free-standing single-layer (SL) MoS2 is retained

in these heterostructures due to the weak van der Waals interaction

between adjacent materials. The MoS2 synthesis is based on a reactive

physical vapor deposition technique involving Mo evaporation

and sulfurization in a H2S atmosphere on a template consisting of

epitaxially grown graphene on SiC. Using scanning tunneling microscopy, we study the seeding of Mo on this substrate and the evolution from

nanoscale MoS2 islands to SL and bilayer (BL) MoS2 sheets during H2S exposure. Our ARPES measurements of SL and BL MoS2 on graphene reveal the

coexistence of the Dirac states of graphene and the expected valence band of MoS2 with the band maximum shifted to the corner of the Brillouin

zone at K in the SL limit. We confirm the 2D character of these electronic states via a lack of dispersion with photon energy. The growth of epitaxial

MoS2�graphene heterostructures on SiC opens new opportunities for further in situ studies of the fundamental properties of these complex

materials, as well as perspectives for implementing them in various device schemes to exploit their many promising electronic and optical

properties.
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conserves the direct band gap in each material, result-
ing in improved optical absorption and the possibility
of engineering excitons by separating electron�hole
pairs between the TMDC layers.19�22

Direct large-area growth of TMDC�graphene het-
erostructures is preferable for a large variety of in situ

characterization techniques to extract material proper-
ties, and it is a basic requirement for realistic applica-
tions. These 2D heterostructures can be synthesized
using van der Waals epitaxy. This approach relies on
the relatively weak (van der Waals) coupling between
the adjacent 2D materials and does not require that
their crystal lattices match. This is in contrast to stan-
dard epitaxy methods. Graphene has proven to be a
useful template in itself for such an approach, as
exemplified by the successful growth of other low-
dimensional systems on graphene such as III�V semi-
conductor nanowires23 and thin films24 as well as
topological insulators.25 MoS2 and other TMDCs have
been grown by chemical vapor deposition (CVD) meth-
ods using suitable carrier gases in furnace systems
on either CVD graphene on copper,26 sapphire,27

or graphene transferred onto SiO2.
28 Alternatively,

high-quality epitaxial graphene on wide band gap
silicon carbide (SiC) substrates has proven to be
a good template for van der Waals epitaxy of MoS2
andWSe2 in CVD furnaces.13,14 Growing these directly
on such insulating substrates elegantly removes the
need for additional transfer steps for further electrical
or optical measurements.
A disadvantage of these CVD approaches is that the

growth process cannot be studied in situ. In fact,
moving samples from the CVD system through air
could, in principle, lead to contamination and forma-
tion of defects. It is a key issue to control and under-
stand the role of such defects, as these have been
shown to play a pivotal role in electron transport29 and
ultrafast dynamics.30�32 So far, in situ growth in ultra-
high vacuum (UHV) of TMDC�graphene heterostruc-
tures has only been demonstrated for the material
system MoSe2/graphene/SiC using molecular beam
epitaxy (MBE).11,12

In comparison to the synthesis methods mentioned
above, we offer an alternative route that enables van
der Waals epitaxy of sulfur-based TMDCs on graphene
in UHV. Here we focus on SL MoS2 due to future
prospects of using surface-sensitive spectroscopic
techniques to directly explore the intriguing spin and
valley properties reported for this material.7 The
quartet of SL TMDCs (MoS2, WS2, MoSe2, WSe2) has
thus come within reach for in situ characterization
techniques.11 We believe that this will facilitate studies
with a new level of insight into the differences between
these materials and how their properties are affected
by underlying substrates or in various heterostruc-
ture combinations. Here, we take the opportunity to
characterize the growth of MoS2 on epitaxial graphene

on SiC in detail using scanning tunneling microscopy
(STM). High coverage SL and bilayer (BL) films of MoS2
are achieved, which we exploit to determine their
electronic structure on graphene using angle-resolved
photoemission spectroscopy (ARPES).

RESULTS AND DISCUSSION

In order to synthesize MoS2, we use a physical vapor
deposition (PVD) method involving the evaporation of
atomic Mo onto a substrate from a solid Mo source
mounted in an electron beam evaporator. After Mo
deposition, the substrate is annealed (≈1050 K), and
since the entire process is carried out in a low-pressure
H2S atmosphere (≈1 � 10�5 mbar), it facilitates the
reaction between Mo and S to form MoS2. The growth
is performed in situ in a UHV chamber with a base
pressure in the low 10�10 mbar range. This general
approach has already been proven successful for
obtaining epitaxial SL MoS2 on a Au(111) substrate.33

An explanation for the high-quality nature of the
grown films in these studies may be attributed to a
sufficiently strongMoS2�Au interaction that drives the
epitaxial alignment of theMoS2with the substrate. This
interaction is also confirmed by the discernible moiré
pattern in the MoS2 film. Transferring this approach to
SL graphene on silicon carbide (G/SiC), which exhibits a
much weaker van der Waals interaction with MoS2,
requires adjustments to the growth procedure that we
discuss in the following.
The G/SiC substrate was synthesized in UHV by

direct current annealing of SiC under a mild flux of Si
atoms as described elsewhere34,35 and in further
details in the Materials and Methods section. The
STM image in Figure 1a shows the clean G/SiC surface
alongwith the characteristic SL graphene lattice, which
can be atomically resolved at low bias (see inset). At
higher bias, the underlying SiC strongly influences
the way the graphene is imaged by the STM.36,37 The
quality and dominant layer thickness of the graphene
is also checked using ARPES (not shown), where we
observe a single, sharp, and electron-doped Dirac
cone, as expected for samples without the presence
of BL graphene.38 The doping is caused by a buffer
layer with a (6

√
3 � 6

√
3)R30� periodicity between

graphene and SiC,39 which we observe by STM
to coexist with graphene regions in our samples.
The presence of such buffer layer areas is a key
element in the growth of MoS2, which we follow
in its initial stages in Figure 1b�f. The details of
the growth are also outlined in the Materials and
Methods section.
Evaporation of Mo is carried out using a Mo flux and

duration that gives the submonolayer Mo coverage
shown in the STM image in Figure 1b. Without H2S, the
Mo appears as small, bright, rounded clusters. The
G/SiC substrate is held at room temperature during
evaporation, which ensures a lowMomobility, thereby
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preventing the formation of large Mo aggregates.
Interestingly, on the graphene areas, the Mo clusters
are found to mainly decorate the edges of the graph-
ene. This is in sharp contrast to the dense film of Mo
clusters that can be seen inside the buffer layer regions
(denoted B in Figure 1b), thereby making the buffer
layer easier to distinguish from graphene. The prefer-
ence for adsorption on the buffer layer is ascribed to its
higher reactivity, which has also been confirmed via

molecular adsorption patterns observed on G/SiC.40 In
a first attempt, the Mo-decorated surface is annealed
for 1 h at 1050 K in a H2S pressure on the order of
1 � 10�5 mbar using a custom-made doser with the
nozzle ≈1 mm away from the sample surface.41 This
promotes the growth of nanosizedMoS2 islands, which
are located predominately in the buffer layer regions in
this initial growth stage, as seen in Figure 1c. The STM
image in Figure 1d shows an atomically resolved MoS2
island where the atomic spacing is found to be 3.1 (
0.3 Å. This island can be seen to already extend onto a
single-layer graphene area. Repeating such a growth
cycle leads to a gradual increase in the size of islands, as
seen in Figure 1e. The island structures and edge
shapes deviate substantially from the hexagonal struc-
ture and straight edges expected for a free-standing
island in thermodynamic equilibrium.42 Such irregular
edges have also been observed for MoS2 nanoclusters
grown on a highly ordered pyrolytic graphite (HOPG)
surface, where their occurrence was attributed to
defects that act as pinning sites during the growth.43

The elevated temperatures during growth are likely to

increase the mobility of these defects such that they
migrate to the edges of the islands and force them to
assume an irregular shape. Furthermore, due to the
relatively weak interaction between MoS2 and our
graphene substrates, many rotational variants of the
MoS2 islands nucleate. Due to the irregularly shaped
edges, it is difficult for these differently rotated islands
to coalesce, as evidenced in Figure 1f, where the edges
of neighboring islands are seen to line up but not
merge seamlessly and, instead, form noticeable domain
boundaries. Bright, rounded features are observed on
top and around the edges of theMoS2 islands,which are
excess nonsulfurizedMo or partly sulfurized amorphous
MoS2. Their adsorption is presumably facilitated by the
higher reactivity at the edges and defect sites in the
MoS2 or in the underlying substrate.
Continuation of the cycled growth leads to extended

SL MoS2 areas as seen for a sample with a coverage of
0.55 ML in the STM image in Figure 2a. In contrast to
the MoS2 nanoislands in Figure 1c, which were mainly
localized in the buffer layer areas, the SL MoS2 is
observed to spread across the graphene areas. Since
bare buffer layer regions are scarce compared to bare
graphene areas, the higher coverage of SL MoS2
ensures that our samples consist predominantly of
MoS2 on graphene. While clear atomically resolved
images of the structure inside the basal plane of
MoS2 could be achieved for the nanoislands, we find
it harder to obtain atomic resolution inside the layers in
Figure 2a, which may be due to electronic effects
associated with the underlying substrate. A smaller

Figure 1. (a) STM image of the graphene/SiC (G/SiC) substrate. Inset: Atomic resolution image of the graphene lattice within
the areamarked by the blue square. (b) Sample surface after evaporation of atomicMo (Mo/G/SiC). Buffer layer (B) and single-
layer graphene (G) areas are distinguishable via the different distribution of adsorbed Mo. (c) MoS2 nanoislands grown in B
regions after annealing at 1050 K in a H2S atmosphere. (d) Atomic resolution image of a 6 nm wide MoS2 island, which has
grownover aG region. (e,f) LargerMoS2 islands ongraphene after an additional cycle ofMo evaporation andH2S annealing at
1050 K. The image in (f) shows merged islands and atoms inside islands in greater detail. The STM imaging parameters are
provided on the images.
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BL MoS2 island appears along with Mo clusters on top
of the SL MoS2. We can distinguish SL and BL MoS2 by
their apparent heights in STM, which wemeasure to be
8 ( 2 and 17 ( 2 Å, respectively. At the coverage of
0.55 ML, we estimate that 6% is BL MoS2, which
appears to be the limiting case where the presence
of BL MoS2 regions does not influence the laterally
averaged electronic structure (on a submillimeter
length scale) of the sample measured by ARPES, which
we discuss later. Features that lack well-defined struc-
ture are observed on bare graphene areas. These may
be bundles of Mo6S6 nanowires similar to those pre-
viously observed on HOPG44 and Cu(111).45

Increasing the coverage to 0.85 ML using additional
growth cycles leads to 40% BL MoS2, which is seen in
Figure 2b. The excess metallic Mo clusters act as
seeding points for growth of additional MoS2 layers.
Keeping their concentration low, that is, keeping the
Mo flux low during evaporation, is the key to favor SL
MoS2 growth. We point out here that in contrast to the
growth of MoSe2 films on G/SiC, where co-deposition
of atomic Mo and Se using a MBE approach results in
MoSe2 after annealing in a single growth cycle,11,12 the
reaction between Mo and S from the H2S gas source
necessitates the cycled approach with very gentle Mo
deposition in each cycle. Otherwise, we found that
metallic Mo assembles in large clusters, which were
either difficult to sulfurize within the limits of the
experimental setup or seeds on already nucleated
MoS2 islands leading to multilayer MoS2.
The valence bands (VBs) of the SL and BL MoS2�

graphene heterostructures are measured by means of
ARPES using 70 eV photons, as shown in Figure 3. We
directly measure the dominant orientation of the
hexagonal Brillouin zone (BZ) of MoS2 from ARPES data
and find it to be rotated 30� with respect to the
graphene BZ (see insets in Figure 3). Note, however,
that many other orientations are also present. This is a
consequence of the weak van der Waals interaction

between MoS2 and the underlying substrate. A cut
along the K�Γh�K0 direction of MoS2 is presented in
Figure 3a. Immediately striking are the intense VB
maxima around Γh and K0 and the overall remarkable
agreement between the experimental dispersion and
the calculated band structure for free-standing MoS2
(dashed white lines).46 Our data completely repro-
duce the prediction of the global VB maximum at K
(K0) being displaced 0.1 eV toward lower binding
energies than the local VB maximum at Γh. Since the
conduction band minimum is also located at K (K0),46

this position of the VB global maximum is consistent
with the expectation that SL MoS2 is a direct gap
semiconductor. We are not able to resolve the two
spin split bands toward K (K0), which we attribute to
the fact that our measurement averages laterally over
different rotational variants of MoS2, thereby broad-
ening the VB features. There are no apparent signa-
tures in the electronic structure from the MoS2 on
buffer layer regions, which is expected becauseMoS2/
G/SiC areas dominate in our samples, as seen in STM.
The clear dispersion of the Dirac states around the K-
points of graphene in Figure 3b,d ensures that there is
SL graphene under MoS2, as the buffer layer does
not exhibit the linear Dirac bands.35 In the M�Γh�M
direction of MoS2 shown in Figure 3b, we find a
similarly good agreement with the theoretical disper-
sion. It is noticeable that the bands are extinguished
at increasingly negative k ) but enhanced toward
increasingly positive k ). This asymmetric behavior of
the photoemission intensity between the lower and
upper halves of the BZ is purely an effect of the
angular dependence of the MoS2 photoemission
matrix elements. These influence the measured in-
tensity due to the varying angle of incidence between
the incoming electric field and the Mo 4d and S 3p
orbitals that make up the VB states.47

The main difference in the dispersion for the BL
MoS2 sample shown in Figure 3c,d is the shift of the VB

Figure 2. STM images of MoS2 on G/SiC with a SL MoS2 coverage of approximately (a) 0.55 ML and (b) 0.85 ML. In (a), bare SL
MoS2 areas coexist withmetallicMo clusters (see arrows) and a BLMoS2 island. Structures that resembleMo6S6 nanowires are
seen on graphene areas. The higher coverage sample in (b) has fewer bare SL MoS2 areas and a higher number of BL MoS2
islands. The STM imaging parameters are provided on the images.
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global maximum to Γh, which is caused by the appear-
ance of an additional band. This is reminiscent of the
situation in the bulk material, which is an indirect gap
semiconductor in contrast to the SL case. The overall
intensity of the features in the BL sample appears
higher than that for the SL sample, which can be
understood basically from the higher coverage. We
note that the data in Figure 3a,b and c,d were obtained
for the exact same samples, as shown in Figure 2a,b,
respectively. We have used the ARPES measurements
to follow the appearance of the second band at Γh to
determine the critical coverage of 0.55 ML, above
which the BL features start to emerge.
Compared to microARPES measurements of exfo-

liated MoS2 flakes on a thin SiO2 substrate, we do
not observe a substrate-induced compression of the
overall VB bandwidth.48 Additionally, high-resolution
ARPES data from epitaxial SL MoS2 on Au(111) showed
strong hybridization effects between theAubulk states
and the local VB maximum at Γh.49 The lack of such
effects on the G/SiC template applied here shows that
the Mo 4d and S 3p atomic orbitals are much less
affected by the underlying π-electron system in gra-
phene. This is further substantiated by the lack of
hybridization between the Dirac states of graphene
and the MoS2 VBs in Figure 3a�d. Indeed, the

observation that the intrinsic band structure of MoS2
is not as strongly perturbed on G/SiC as on a metal
surface is consistent with recent studies of other TMDC�
graphene heterostructures on semiconducting sub-
strates.13,50,51 In general, the electronic decoupling be-
tween the individual 2Dmaterials is an importantproperty
for the design of heterostructure devices as the intrinsic
electronic properties of the separate 2D systems can be
expected to be retained in the heterostructure stack.
The actual 2D character of the electronic states is

essential for the vast majority of the electronic proper-
ties of SL MoS2,

6 which has prompted us to study these
states in further detail by following their dispersion
with photon energy, as shown in Figure 4. We focus on
the states around Γh, as shown for SL MoS2 in Figure 4a,
because these exhibit the most dramatic change of
shape between SL and BL samples. Constant momen-
tum cuts taken in the BZ center show three bands of
constant intensity throughout low (18�30 eV) and
high photon energy (45�70 eV) ranges for SL MoS2
in Figure 4b. The local VB maximum is located at a
binding energy of 1.9 eV. In the BL case, the additional
fourth band has itsmaximumat a binding energy of 1.3
eV, as seen in Figure 4c. The complete lack of disper-
sion with photon energy of all the bands in the
measured binding energy range indicates that these

Figure 3. Electronic structuremeasured by ARPES at a photon energy of 70 eV for (a,b) SLMoS2 and (c,d) BLMoS2. The data in
(a,c) are cuts along the K�Γh�K0 direction of theMoS2 Brillouin zone, while (b,d) present cuts alongM�Γh�M. TheMoS2 (black)
and graphene (blue) hexagonal BZs and cut directions are shown in the insets. The dashed white lines in (a,b) correspond to
the calculated electronic bands for free-standing SL MoS2, which have been obtained from ref 46.
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electronic states belong to the MoS2 and that these
states can indeed be considered genuinely two-
dimensional in our heterostructure samples. Strong
oscillations in the relative intensities of the bands are
detected with pronounced maxima in intensity of the
main VB at a binding energy of 1.9 eV for photon
energies of 25, 50, and 70 eV. This behavior is analo-
gous to the layer-dependent band structure changes
observed for multilayer graphene, where the intensity
resonances for the bulk case emerge as the number of
layers is increased.52 Here, this bulk character of the
bands is already becoming evidentwith the addition of
the second MoS2 layer. The differences in appearance
of all the studied VBs at specific photon energies are
illustrated for SL MoS2 in Figure 4a and BL MoS2 in
Figure 4d. The cuts have been taken in a direction of
the BZ around Γh, where the intensity is symmetric. In
the lower photon energy range in Figure 4a,d, these
cuts show the bands at higher binding energies with

stronger intensities than in the cuts extracted from the
higher photon energy range or in Figure 3. We note
that in the SL case these bands are again perfectly
consistent with the calculation for free-standing SL
MoS2,

46 while in the BL case, subtle differences in the
dispersion can be seen. The BL character around Γh is
unmistakable at a photon energy of 62 eV, where the
two topmost bands are equally intense. We notice that
at photon energies of 19 and 50 eV the topmost BL
band ismuch harder to detect. This deceiving behavior
of the photoemission intensity with photon energy is
essential to take into account when characterizing the
layer-dependent electronic structure of MoS2. Here, we
have provided a scheme to clearly distinguish the
electronic structures of SL and BL MoS2 on graphene.

CONCLUSIONS

A new method has been demonstrated for the
in situ preparation of SL and BL MoS2�graphene

Figure 4. Photon-energy-dependent ARPES measurements, showing the dispersion and intensity variation of the electronic
states around Γh for (a,b) SL MoS2 and (c,d) BL MoS2. In (a,d), snapshots of the k )-dependent dispersion around Γh are given at
selected photon energies for SL MoS2 and BL MoS2, respectively. In (b,c), the photon energy dependence of the
photoemission intensity of the states at Γh is shown for SL MoS2 and BL MoS2, respectively. Dashed white lines in (b,c) mark
nondispersive states at the energies given to the right in electronvolts.
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heterostructures on a semiconducting silicon carbide
substrate, which behave electronically like free-stand-
ing MoS2. The MoS2 layers were grown by a cycled
approach, where the initial evaporated Mo layer
seeded on the buffer layer of SiC. Annealing in H2S
led to the nucleation of MoS2 nanoislands, and an
increasing number of growth cycles provided SL MoS2
with a coverage of 0.55 ML. The electronic structure of
this SL MoS2�graphene heterostructure showed a
valence band maximum at the K (K0) point, consistent
with this material being a direct gap semiconductor.
The overall band structure was found to closely re-
semble the one expected for free-standing MoS2 and
to be relatively unaffected by the underlying graphene.
BL MoS2 at a coverage of 0.85 ML exhibited a second
band around Γh among the topmost valence band
states, which placed the valence band maximum at Γh,
suggesting a more bulk-like character. Both SL and BL
MoS2�graphene samples were found to be character-
ized by electronic states of purely two-dimensional

character. We believe that our samples are straightfor-
ward to implement in a device scheme, and that they
are suitable for optical measurements due to the
underlying SiC. This will enable a further exploration
of the physics associated with the electrons occupying
the K and K0 valleys of the materials. Such experiments
may also reveal the properties of the MoS2�graphene
interface, probing the charge transfer dynamics be-
tween the different 2D materials. This is important for
realizing devices with MoS2 as the optically active
material and graphene as the electrodematerial. These
2D heterosturctures offer design flexibility and the
possibility to combine the remarkable properties of
the constituent layers to create new materials. Finally,
we believe that our recipe for epitaxially growing a
sulfur-based TMDC on graphene will serve as an
inspiration to further expand the growing library of
two-dimensional materials available for in situ charac-
terization and thereby unveil new physics at the single-
layer limit.

MATERIALS AND METHODS

Epitaxial Graphene Growth on SiC. A 6H-SiC 2 in. wafer was
purchased commercially (TanKeBlue Semiconductor Co. Ltd.,
n-type doping, 0.02�0.10Ω 3 cm) and diced into 4 mm� 7 mm
sized pieces to fit our sample holders. The samples were given
an initial clean in an isopropyl alcohol ultrasonic bath. The
thermally induced growth of epitaxial graphene on the Si-
terminated (0001) face of the 6H-SiC substrate was carried out
in a dedicated graphene growth chamber with a base pressure
of 5 � 10�10 mbar. The samples were degassed via direct
current heating at a temperature of 825 K for several hours
under UHV conditions and subsequently annealed to 1175 K in a
mild Si flux for approximately 1 h to remove surface oxides.
Following this step, the samples were incrementally flashed to
temperatures between 1425 and 1475 K until a clear graphene
low energy electron diffraction pattern (not shown) appeared.35

Detailed Growth Procedure for MoS2 on G/SiC. Prior to growing SL
MoS2, the G/SiC substrates were given an anneal to at least
550 K to remove any accumulated adsorbates. Then Mo
was deposited from an electron beam evaporator (Oxford
Instruments) onto a G/SiC substrate held at room temperature,
and from STM measurements, it was determined that the Mo
mainly adsorbed on the buffer layer regions of the substrate. Mo
deposition was carried out in a low-pressure H2S atmosphere of
≈1 � 10�5 mbar. The sample was subsequently annealed to
1050 K for approximately 1 h in the sulfur-rich environment in
order to yield irregularly shaped nanometer-sized SL MoS2
islands. Repeated cycling of this process led to larger-sized
SL MoS2 islands until a coverage of 0.55 ML was reached.
Beyond this point, the formation of BL MoS2 islands began to
dominate the growth process. Each step of the synthesis was
monitored by STM performed at room temperature under UHV
conditions using a home-built Aarhus STM. Tips were etched
from W wire. Instrumental artifacts (i.e., piezo creep) were
minimized by calibrating STM images using the free WSxM
software to reflect the known lattice constant for graphene.53

Bias voltages stated in the paper refer to the voltage applied to
the sample.

ARPES Measurements. The ARPES measurements were carried
out at the SGM-3 beamline of the synchrotron radiation source
ASTRID2 under UHV conditions with a base pressure in the
10�10 mbar range and with the sample temperature kept at
70 K. The photon energy was 70 eV, and the total energy and
k resolution amounted to 25 meV and 0.02 Å�1, respectively.

The photon energy range used to demonstrate the dispersion
and intensity variation of the electronic states at Γhwas 18 to
70 eV.
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