
1. Introduction

Many transition metal dichalcogenides (TMDCs) 
have by now been subjected to intensive investigation 
in both their bulk and single-layer (SL) forms. The 
bulk compounds, many of which are characterized 
by a layered structure, exhibit a complex array 
of symmetry-breaking collective ground states. 
Meanwhile, in the SL limit, quantum confinement 
and reduction of symmetry lead to significant 
changes in the electronic properties relative to those 
of the corresponding bulk parent materials [1, 2]. 
For example, in the case of group-VI semiconducting 
TMDCs such as MoS2, these changes include an 
indirect-direct band gap transition [2–4] and coupled 
spin-valley physics [5]. Complicating the picture in 
the SL limit, other factors including the removal of 
interlayer coupling, hybridization with the substrate 
[6–8], and substrate screening [9–12] can also have
major effects on electronic properties.

Vanadium disulphide (VS2) has received rela-
tively little experimental investigation until now. It is 
unusual among layered TMDCs in having no thermo-
dynamically stable bulk polymorph; the bulk tends, 
rather, toward S-deficient forms with self-intercalated 

V between S layers [1, 13–15]. While the work of [15]
suggests that the bulk stoichiometric phase might be 
realizable by high-pressure synthesis, fabrication of 
the bulk has so far been approached via preparation of 
stable alkali-intercalated compounds (NaVS2, LiVS2), 
from which near-stoichiometric VS2 is obtained by 
deintercalation of the alkali metal [16]. The resulting 
bulk crystals assume the octahedral (1T) structure and 
readily desulphidize at temperatures as low as 570 K  
[16]. Thus, bulk VS2 already presents considerable 
experimental challenges.

This is still more true of the SL than of the bulk: 
the difficulty of preparing stoichiometric bulk crystals 
implies that bulk exfoliation [17–19] is not a simple
approach to attaining thin stoichiometric VS2. More-
over, like other group-V metallic TMDCs [7], VS2 is 
chemically reactive (e.g. [20]), and exfoliated thin lay-
ers would not be expected to be air-stable. The isolation 
of SL VS2 has therefore not been achieved, even though 
thin layers can be exfoliated [20, 21]. However, SL VS2 
has been the focus of considerable theoretical inter-
est, especially because of the possibility that there are 
intriguing magnetic properties in this material. In par
ticular, SL VS2 in the trigonal prismatic (‘1H’) struc-
tural phase has been predicted to be a ferromagnetic  
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semiconductor [22, 23] with strain-tunable magn
etic moment and coupling [24], and is a candidate for 
strongly correlated electron physics [23]. Meanwhile, 
the SL 1T structural phase, which calculations indi-
cate to be metallic and ferromagnetic [23, 25, 26], may 
manifest charge density waves (CDWs): the bulk 1T 
analogue exhibits a CDW transition at the relatively 
high temperature of TCDW  ≈  305 K [27–29]. With
examples of magnetic 2D materials being still very 
rare [30, 31], and in light of the very recent report of 
ferromagnetism in SL VSe2 [32], any ferromagnetism 
in a SL would be highly interesting, especially if not 
present in the parent bulk material. SL VS2 can thus be 
expected to be a particularly interesting 2D material, as 
it is likely to be a future playground for studying both 
magnetism and correlated behavior in the SL limit.

In this paper, we report the synthesis of epitaxial SL 
VS2 on Au(1 1 1) and show that the initially synthesized 
1T phase can be transformed into two other structures 
by annealing in vacuum. This process is interpreted as 
caused by S loss and can, in fact, be reversed by anneal-
ing the sample in a background pressure of H2S. The 
paper is organised as follows: after briefly describing 
the methods in the next section, we describe the three 
V sulphide structures observed on Au(1 1 1) and the 
transitions between them, as measured by low-energy 
electron diffraction (LEED) and scanning tunneling 
microscopy (STM). We then report the S 2p and V 3p 
core level spectra for the three structures and provide a 
detailed structural determination using x-ray photo-
electron diffraction (XPD).

2. Methods

Samples were synthesized according to the methods 
described in [7, 33–36]. Starting from a clean Au(1 1 1)
surface, as judged by the presence of the herringbone 
reconstruction and a narrow electronic surface state, 
we evaporated V onto the surface at room temperature, 
either from an electron-beam evaporator (V rod of 
99.8% purity from Goodfellow) or from a hot V wire 
(99.8% purity from Goodfellow). Subsequently, the 
sample was annealed in an atmosphere of sulphiding 
gas (hydrogen sulphide (H2S) at a background pressure 
of  ≈10−4 mbar or dimethyldisulphide (DMDS) at a 
background pressure of  ≈10−6 mbar) to temperatures 
in the range 670–705 K (base pressure  ≈10−10 mbar). 
As an alternative approach, when H2S was used as 
the sulphiding agent the V evaporation was in some 
cases carried out with the surface held already at the 
annealing temperature. All of these approaches lead 
to samples with very similar properties, as judged by 
STM, LEED, and x-ray photoelectron spectroscopy 
(XPS). The finding that samples grown with DMDS 
as a S source have similar quality to those grown with 
H2S is consistent with previous studies of MoS2 growth 
[36]. Samples were prepared and probed in situ in 
ultra-high vacuum (UHV) conditions, because we 
observed a strong sensitivity of the material to air.

LEED experiments were performed at both low 
temperature (35 K) and room temperature, with the 
same results in both cases. In-plane lattice param
eters of the V sulphide structures were determined by 
a calibration to the known lattice constant of Au. For 
STM measurements, a home-built Aarhus-style STM 
was used at room temperature [37], and measure-
ments were calibrated to atomic-resolution data from 
Au(1 1 1) and from graphite.

XPS measurements were made at room temper
ature. Comparative XPS measurements of H2S- and 
DMDS-grown samples were performed at the Mat-
Line of ASTRID2, while detailed XPS and XPD studies 
of H2S-grown samples were performed at the Super-
ESCA beamline of ELETTRA [38]6. The light spot size 
at MatLine was close to 1 mm, and at SuperESCA was 
approximately 100 μm. XPD patterns were measured 
by collecting XPS spectra for more than 1000 differ-
ent polar (θ) and azimuthal (φ) angles. For each of 
these spectra, a peak fit analysis was performed and 
the intensity I(θ, φ) of each component resulting from 
the fit (i.e. the area under the photoemission line) 
was extracted. The resulting XPD patterns are the ste-
reographic projection of the modulation function χ, 
which was obtained from the peak intensity for each 
emission angle I(θ,φ) as

χ =
I(θ,φ)− I0(θ)

I0(θ)

where I0(θ) is the average intensity for each azimuthal 
scan. Structural determinations were performed 
by comparing measured XPD patterns to multiple-
scattering simulations for trial structures. Such 
simulations were carried out using the program 
package Electron Diffraction in Atomic Clusters 
(EDAC) [39]. The agreement between the calculated 
modulation function χth and the measured 
modulation function χex  is quantified by a reliability-
factor (R-factor). When the R-factor is defined as

R =

∑
i (χth,i − χex,i)

2

∑
i (χ

2
th,i + χ2

ex,i)
,� (1)

it can have values between 0 and 2, with 0 
corresponding to perfect agreement [40]. In order 
to identify the three structural phases reported in 
this paper, simulated crystal structures and lattice 
parameters were systematically varied in order to 
minimize the R-factor.

3. Results

3.1.  Three crystalline phases
STM and LEED measurements reveal three distinct 
crystalline phases, which are shown in figure  1. We 
refer to the as-grown phase as ‘phase I’; it is shown

6 See supplemental material (stacks.iop.org/TDM/5/ 045009/
mmedia) for information on other known V sulphide 
compounds, on XPS fitting parameters, and on the atomic 
positions used for XPD simulation of phase II.

stacks.iop.org/TDM/5/ 045009/mmedia
stacks.iop.org/TDM/5/ 045009/mmedia
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in figure 1(a). The STM topography exhibits a well-
ordered hexagonal moiré superstructure (moiré 
superlattice parameter 22(2) Å) in triangular SL 
islands, much like what has been seen previously in 
similarly prepared SL WS2, MoS2 and TaS2 on Au(1 1 1) 
[7, 33–35]. At coverage close to a complete monolayer, 
as in figure 1(a), only a few gaps remain between islands 
that have almost merged together. At higher coverage, 
the gaps fill completely and the islands merge without 
domain boundaries. An atomic-resolution image 
is shown as an inset and reveals a hexagonal atomic-
scale structure. On the basis of this STM data, the 
atomic lattice parameter is 3.0(3) Å. We conclude that 
the islands are only one layer in thickness, on account 
of both the apparent height with respect to the Au 
surface—although this alone is not decisive, since the
apparent height depends not only on the island height 
but also on the density of states—and on the strong
appearance of the moiré superstructure, which we 
find to be nearly absent in the bilayer, consistent with 
observations in related systems (e.g. [34]). In the case 
of the islands shown in the main panel of figure 1(a), 
the apparent height is 1.6(2) Å for the scan parameters 
used (see caption). (For measurement of the actual 
geometric height of the layer, see section 3.2.2 below.) 
The LEED pattern (figure 1(a), bottom) reveals 
diffraction maxima for both the Au(1 1 1) substrate 
and for the V sulphide SL; the reciprocal lattice vectors 
for both are shown in the figure. We observe sharp spots 
indicative of a high degree of ordering over the whole 
sample, along with moiré satellite spots with strong 
intensity. The moiré spots, including even those of 
higher orders, are significantly stronger than the weak 

main spots of the V sulphide atomic lattice (marked 
with a purple arrow in the LEED panel of figure 1(a)); 
the reasons for this are not entirely clear, but we note 
that LEED intensity is a complex quantity involving 
multiple-scattering [41], and that it affects spot 
intensity in non-trivial ways. The hexagonal atomic 
lattice (purple arrow) is rotationally aligned with 
the atomic lattice of the underlying Au(1 1 1) (yellow 
arrow in the panel), a fact which suggests nontrivial 
substrate interaction. LEED indicates that the moiré 
superstructure has a lattice parameter of 25(7) Å, 
while the atomic lattice parameter is 3.25(10) Å, in 
agreement with the STM results. Neither the STM nor 
LEED technique is capable of distinguishing between 
the 1H and 1T configurations of the SL, but the atomic 
lattice constant observed here is in agreement with that 
of the 1T polymorph of bulk crystalline VS2 [15, 16]. 
The lattice parameters do not match those of any other 
V sulphide compound of which we are aware in the 
literature; more information about such compounds 
is included in the supplementary material. Note that 
no bulk 2H structural configuration has yet been 
observed experimentally.

Upon annealing in UHV to 673(15) K, there is 
a transition to an intermediate phase that we label 
‘phase I′’ because of its very strong similarity to phase 
I. Both phase I′ and a defective version of phase I are 
simultaneously present in the STM and LEED data 
shown in figure 1(b). Like phase I, phase I′ exhibits a 
hexagonal moiré superstructure, but the presence of 
the two phases side-by-side in the STM image of fig-
ure 1(b) reveals a different appearance in the moiré 
patterns and a clearly visible domain boundary that is 

Figure 1.  Evolution of the crystal morphology of V sulphide on Au(1 1 1) upon annealing in UHV. The different phases and the 
respective annealing temperatures are indicated. Top row shows STM data; bottom row shows corresponding LEED data. (a) Phase 
I; the purple box marks the area at which the inset atomic-resolution image was acquired. (b) Transition between phases I and I′. 
(c) Intermediate phase I′. (d) Transition between phases I′ and II. (e) Phase II; the inset atomic-resolution image and the image in 
the main panel were acquired from different but similar samples. Black arrows in STM data mark grain boundaries between phases. 
Black arrows in LEED data mark weak diffraction lines. Purple arrows superimposed on LEED data indicate the reciprocal lattice 
vectors of phase I in (a) and of phase I′ in (c); yellow arrows indicate the reciprocal lattice vector of Au(1 1 1); and green, blue, and 
pink arrows in (e) indicate reciprocal lattice vectors of the three domains of phase II. STM was acquired at room temperature with 
the following scanning parameters: (a) It  =  0.30 nA, VB = 825 mV; inset of (a) It  =  1.26 nA, VB = 300 mV; (b) It  =  −0.26 nA; 
VB = 656 mV; (c) It  =  −0.33 nA; VB = −656 mV; (d) It  =  −0.48 nA; VB = 565 mV; (e) It  =  0.32 nA; VB = 1117 mV; inset of (e) 
It  =  1.03 nA, VB = 335 mV. All LEED data were acquired at T  =  35 K with EK  =  92.8 eV. Bias voltages refer to bias applied to sample.



4

F Arnold et al

marked by black arrows. In figure 1(b), phase I′ begins 
to exhibit a more distorted moiré pattern with clearly 
observable dislocation lines, presumably due to the 
initiation of the phase change. Furthermore, the dis-
tinct triangular islands of figure 1(a), top, have now 
transformed into large continuous islands. The LEED 
pattern when both phases are present is very similar to 
that of phase I, but there are streak lines (marked with 
black arrows) extending from the spots of the moiré 
superstructure to the origin. The presence of these 
streaks is consistent with the observations by STM in 
panel (b), top, of the 1D dislocation lines disrupting 
the long-range periodicity of the moiré. The streak 
lines are also very faintly visible in the LEED data 
shown in panel (a), bottom.

Annealing to 723(15) K leads to a conversion of 
an even larger surface area to phase I′, as shown in 
figure 1(c). The LEED pattern (bottom panel) now 
shows an additional hexagonal lattice (marked by a 
purple arrow) with a slightly smaller reciprocal lat-
tice constant than that of phase I. The different ori-
gin of this lattice is qualitatively seen in the LEED 
pattern, as the new spot is not in the centre of the 
three intense spots stemming from the Au(1 1 1) 
and the moiré spots of phase I. The length of this 
purple arrow corresponds to an atomic lattice con-
stant of 3.3(1) Å—a slight increase with respect to
phase I. No distinct moiré spots due to this new 
periodicity are identified, but based on the lattice 
constant, a moiré periodicity of 23(6) Å would be 
expected, consistent with the 28(3) Å observed in 
STM. We emphasize that the accurate structural 
determination of phase I′ is hindered by the com-
plicated LEED pattern, caused by the continued 
presence of phase I and the additional streaks. As 
we shall see below, phase I′ can be interpreted as 
a S-depleted and hence defective version of phase 
I, and while both LEED and XPD point towards 
an increase of the lattice parameter on average, it 
should be kept in mind that this is a dislocation-
dominated defective structure.

Annealing in UHV to 773(15) K leads to a trans
ition to yet a third phase, whose signature in STM 
images is its striped appearance. This striped phase is 
shown in figure 1(d) coexisting with phase I′. We label 
it ‘phase II’, as it is distinctly different from the other
phases. In the upper part of the STM image (top panel), 
the hexagonal moiré pattern of phase I′ is visible; by 
contrast, a triangular island with the striped structure 
appears in the bottom left corner of the image, and a 
similar striped domain near the middle of the scan area 
is attached to the phase I′ island with a domain bound-
ary that is marked by a black arrow. The simultaneous 
presence of two phases results in a LEED pattern that is 
less sharply defined, with weaker spots and more dif-
fuse background than the other LEED patterns shown 
in the figure. While the three intense moiré spots are 
still visible, they appear weaker in intensity, and the 
lower-intensity moiré spots are difficult to identify 
against the background. Higher-order moiré spots are 
not clearly observable, probably as a result of disorder 
within the structure.

The complete transition to phase II is seen after 
annealing to 823(15) K, and is shown in figure 1(e). 
The inset at the top shows an atomically resolved STM 
image revealing a rectangular unit cell whose lattice 
parameters are of 8.2(8) Å and 3.1(3) Å, a structure not 
consistent with that of any V sulphide bulk compound 
of which we are aware (see supplementary material). 
The unit cell contains two rows of atoms with apparent 
heights that differ by 0.15(2) Å. Phase II occurs in three 
rotational domains oriented at 120° angles relative to
one another, corresponding to the three-fold symme-
try of the underlying Au(1 1 1) substrate. The phase II 
LEED data in figure 1(e), lower panel, exhibits a com-
plicated diffraction pattern which at first resembles a 
hexagonal reciprocal lattice with Christmas-tree-like 
satellite spots. However, taking into account the rec-
tangular unit cell of the structure identified by STM, 
the LEED pattern can be interpreted as seen in figure 2. 
The diffraction spots deriving from the three rota-
tional domains and from Au(1 1 1) are distinguished 

Figure 2.  Analysis of the LEED pattern of phase II (T  =  35 K, EK  =  92.8 eV). (a) Green, blue and pink arrows indicate the reciprocal 
lattice vectors of the three different rotational domains, and the yellow arrow the reciprocal lattice vector of Au(1 1 1). (b) The 
rectangles are the reciprocal unit cells of the three rotational domains, with the colours corresponding to those in panel (a). The 
circles show the positions of expected LEED spots for each domain and for the Au(1 1 1) substrate. (c) Identical to panel (b), but with 
the connecting lines of the rectangular reciprocal unit cells removed, to show more clearly the agreement between the expected and 
observed spot positions.
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in figure 2(a) by colour coding with green, blue, pink 
and yellow. In figure 2(b) a calculated grid of recipro-
cal unit cells for each domain obtained from the STM 
data is overlaid on the LEED image. In figure 2(c), the 
calculated grid from figure 2(b) is removed, but the 
coloured circles identify the origin of each spot in the 
pattern. The diffraction spots can thus be assigned to 
the corresponding rotational domains. The lattice 
constants for phase II can be determined from this to 
be 9.1(1) Å and 3.3(1) Å, which are in agreement with 
the STM measurements.

3.1.1.  Reversibility by annealing in H2S
The lack of stability of bulk VS2 against S loss 
would suggest that the phase changes observed in 
the SL upon annealing in UHV are likewise due to 
an increased depletion of S in the structures (i.e. 
a transition from VS2 to V1+xS2). This is strongly 
supported by the observation that the annealing-
induced phase changes can be reversed by annealing 
in an H2S atmosphere.

Figure 3 illustrates the cycle of structural phase 
transformations by depleting and re-supplying S. 
Figure 3(a) shows the characteristic phase II LEED 
pattern, obtained from a structure created by anneal-
ing the initially grown phase I, as described above. 
This phase II transforms into a well-defined phase 
I′ diffraction pattern when the sample is annealed to 
523(15) K in a H2S background pressure of 8.5 × 10−5 
mbar (figure 3(b)). For a further transformation to 
phase I, both the H2S background pressure and the 
temperature have to be increased, suggesting a more 

difficult integration of the S atoms into the V1+xS2 
single layer (figures 3(b) and (c)). The resulting 
LEED image in figure 3(c) exhibits the typical phase I 
moiré pattern and this structure can, of course, again 
be transformed into phases I′ and II by annealing in 
vacuum. The full reversibility of the phase changes 
by annealing in H2S underlines the importance of S 
in each phase transition and supports the hypothe-
sis that phases I′ and II are S-deficient compared to 
phase I.

3.2.  XPS and structural determination by XPD
Additional information about the three different 
structures and the transformation processes can 
be obtained by studying high-resolution core-level 
spectra. XPS spectra from the S core levels would be 
expected to show at least two chemically different 
components, one from the ‘top’ S atoms (at the
vacuum interface) and one from the ‘bottom’ S atoms
(at the Au(1 1 1) interface). Meanwhile, V atoms would 
not necessarily be expected—at least in the case of
the simple 1T structure—to occur in more than one
distinct chemical environment. In the following, 
we present S and V XPS data for all three structures, 
along with fits of the different components. Additional 
information about lineshapes and a table  of peak 
positions is given in the supplementary material.

From peak fitting alone it is possible neither to 
identify the origin of the shifted components nor to 
identify the detailed geometrical structure of the layer. 
However, such information can be obtained by XPD 
[40, 42]. This technique is based on emission-angle-

Figure 3.  Reversibility of the three phases of V sulphide shown by the evolution of the LEED pattern (T  =  room temperature, 
EK  =  93 eV). The insets at the center of each panel show the magnified area around a first order spot. (a) LEED pattern obtained 
from a sample in the phase II structure.  (b) Annealing in H2S gas allows for a recovery of phase I’ from phase II.  (c) Further 
annealing at higher temperatures and higher H2S pressures recovers the phase I structure.  Annealing phase I at 823 K in UHV 
conditions returns the sample once more to the S-depleted phase II structure.

2D Mater. 5 (2018) 045009
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dependent modulations of the core-level photoemis-
sion intensity from the different atoms in the layer. The 
intensity modulations arise from the length difference 
between individual scattering pathways from the emit-
ting atom to the detector and the coherent interference 
of the scattered waves. The XPD modulation functions 
thus directly reflect the local structural environment 
of the emitting atom. As we shall see, the modulation 
functions for the top and bottom S atoms of all three 
structures are distinctly different from one another, 
and a straightforward comparison between meas-
ured and simulated modulation functions permits an 
unambiguous assignment of the observed peaks—for
instance, to top and bottom S atoms. We will present 

this assignment already in connection with the discus-
sion of the XPS peak fitting analysis, but we emphasize 
that it is based on the XPD results that will be presented 
in the subsequent section.

3.2.1.  Peak positions and lineshape in XPS
Figure 4 shows S 2p and V 3p core-level spectra from 
each of the three phases. The S 2p spectra show clear 
differences for the three structural phases, and we 
start by analyzing their lineshape. The S 2p core level 
is split due to the spin–orbit interaction into a j  =  1/2
component and a j  =  3/2 component, with a splitting 
of 1.20(4) eV for all the components considered. The 
spectrum for phase I in figure  4(a) requires three 

Figure 4.  XPS spectra of the three phases of V1+xS2 at normal emission and room temperature. Red circles represent data points, 
the solid black line the fit, and the solid dark blue line the background. (a)–(c) XPS spectra for the spin-split S 2p1/2 and 2p3/2 
core-level states (hν = 260 eV). Peaks are colour-coded to indicate the emitter from which each core-level state derives (see text 
for discussion): green peaks originate from S atoms on top of the SL; orange and red from S atoms on the bottom of the SL. The 
blue peaks are unordered sulphide species. For same-coloured peaks, the 2p3/2 spin-split component is at lower binding energy, the 
2p1/2 component at higher binding energy. (d)–(f) XPS spectra for the V 3p state (hν = 170 eV). (g) Stereographic projections of
the XPS intensity modulation acquired at photon energy 400 eV for phase I, obtained from the peaks shown in red and orange in 
panel (a). The lower-binding-energy spin-split component in each case was used to generate the projections. The coloured frames 
identify the corresponding peak components. (h) Stereographic projections of the XPS intensity modulation acquired at photon 
energy 270 eV for phase I, obtained from each of the three peaks shown in (d). The coloured frames identify the corresponding 
peak components.

2D Mater. 5 (2018) 045009
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spin–orbit doublets for a satisfactory fit: the 2p3/2

component of the spin-split doublet centred at a 
binding energy of 160.65(2) eV (green) corresponds 
to the top S atoms, while those at 161.07(2) eV 
(orange) and 161.36(2) eV (red) both derive from 
bottom S atoms. The assignment of both the orange 
and red components to S atoms in essentially the same 
geometric environment is confirmed by the similarity 
of the components’ individual XPD modulation
functions, which are shown in figure  4(g). It is not 
entirely clear why there are two separate sets of 
peaks that both derive from the bottom S layer, but a 
possible cause could be a variation of the S-substrate 
interaction within the moiré unit cell, similar to 
what has been observed in graphene on transition 
metal surfaces [43]. For graphene on Ru(0 0 0 1), for 
instance, the C 1s peak contains multiple components 
from the many carbon atoms in the large moiré unit 
cell, but the binding energies cluster in two ranges: 
this results in a spectrum that is well described by two 
components [44].

To obtain a good fit in the present case, it is further-
more required to include a lower-intensity doublet at 
163.52(5) eV (indicated with blue in the figure). This 
doublet does not show any modulation in the XPD 
pattern. We interpret it as being due to the presence of 
miscellaneous unordered sulphide species. The peaks 
are probably composed of multiple weak contrib
utions, though we are able to fit them here with a sin-
gle pair of peaks. We do not investigate them further in 
this study.

Upon transformation to the intermediate phase 
I′ (figure 4(b)), no significant peak shift occurs (see 
table in the supplementary material). The stability of 
the peak positions suggests that only minor changes 
occur in the crystal structure. It is temping to assign 
the relative intensity loss of the top layer component 
compared to the two bottom layer components to a S 
depletion from the top layer; however, such a simple 
analysis is not unproblematic, because photoemis-
sion intensity is influenced not only by stoichiometry 
but also by diffraction effects that modulate core-level 
intensity as a result of changes in the crystal structure. 
The interpretation of an intensity decrease due to S 
loss is, however, consistent with the other observations 
reported in this paper and might, in view of the very 
minor structural changes that occur, be permissible 
here.

In figure 4(c), corresponding to phase II, the inten-
sity of the top S component (green) is significantly 
reduced, and there is a  ≈90 meV shift to higher bind-
ing energy, indicating a significant change in the crys-
tal structure—consistent with the observations from
LEED and STM. The bottom S components (red and 
orange) show no significant shift; however, since these 
peaks must consist of multiple components resulting 
from the various adsorption sites on the substrate lat-
tice, it is not simple to draw conclusions on the basis 
of their positions about structural modifications in the 

material. The blue component is reduced in intensity, 
as might be expected to occur simply as a result of the 
desorbing of disordered sulphides at elevated temper
atures.

Figures 4(d)–(f) shows the V 3p spectra for the
three different structures. The spectrum is very broad 
(the total range shown covers more than 10 eV) and 
requires at least three components to obtain a satis-
factory fit. The unusual slope of the background is 
due to an Auger peak at a somewhat lower binding 
energy. The spectrum for phase I (figure 4(d)) can 
be fit with three Doniach–Šunjić functions centred
at binding energies 37.32(3) (pink), 38.48(4) (pur-
ple), and 40.10(6) eV (grey) and a linear background 
(dark blue line). Naïvely, the broad, multipeak struc-
ture seems surprising, since one might expect a single 
component (particularly for the phase I structure, in 
which—as will be shown below—there is only one V
atom per unit cell). The existence of three distinct V 3p 
components seems at first to suggest the presence of 
V in different environments; however, this would be 
hard to reconcile with the very different linewidths. 
Moreover, all three peaks show the same XPD modula-
tion, shown in figure 4(h), and this suggests that they 
have an identical geometric origin. A likely explana-
tion for the complex structure of the core-level spec-
trum is the well-known, complex final-state effects in 
the core-level emission from this state, something that 
has been frequently encountered in connection with 
XPS from V oxides [45–47]. Note that the detailed line-
shape of the V 3p component might be more compli-
cated than is described by the three peaks here, and that  
fitting with the broad and highly asymmetric grey peak 
is probably an oversimplification. However, none of 
these considerations is important for the data analy-
sis here. Rather, the important conclusion is that the 
peaks are not due to geometrically different V emit-
ters. The V 3p spectrum for phase I′ is very similar to 
that of phase I, both in peak positions and intensities. 
For phase II, on the other hand, the grey and purple 
components shift to significantly lower binding energy 
by  ≈0.5 eV, and the relative intensity of the pink comp
onent significantly increases. The occurrence of spec-
tral changes is consistent with what one would naïvely 
expect, given the major structural changes in the crys-
tal that are suggested by STM and LEED for the trans
ition to phase II (see also the discussion of the XPD 
results, below). However, given our ad hoc approach 
of using three peaks to fit a spectrum with such a com-
plicated structure, and given the complex nature of the 
final states, it is not possible within the scope of this 
study to identify the detailed physical mechanisms of 
the observed peak shift.

3.2.2.  Structural analysis by XPD
With the core-level spectral components fitted, XPD 
can be used to identify the different components 
in terms of their origins in geometrically different 
emitting atoms, and to determine the geometric 
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structures of the three phases. The results are given 
in figure 5, which shows XPD data for selected core-
level components (bottom and top S 2p3/2, and the 
low-binding-energy (pink) component of the V 3p 
peak). Stereographic projections of the modulation 
functions are shown with experimental data (orange) 
superimposed on the best-fit multiple-scattering 
simulations (greyscale). Sketches of the structural 
models are also given. After we had taken preliminary 
data to identify the origins of the different core-level 
components, we chose photon energies for acquiring 
the data sets in figure 5 such that the kinetic energy for 
emission from the top S would be below 150 eV. The 
intent of using such a low energy was to enhance the 

cross section for backscattering from the underlying 
atoms, and thus to increase the sensitivity of the 
measurement towards the structural details of the 
layer. The photon energy for collecting data from the 
bottom S atoms, on the other hand, was chosen to be 
somewhat higher, in order to make use of the enhanced 
forward scattering at higher energies.

We first discuss the structure of phase I. As indi-
cated above, LEED and STM results are compat-
ible with either a 1H or 1T structure for this phase; 
however, since 2H bulk VS2 has never been observed 
experimentally, one might speculate that phase I is 
unlikely to be 1H. This is indeed confirmed by XPD: 
figures 5(a)–(c) show simulations for the modulation 

Figure 5.  Stereographic projections of the modulation of the S 2p3/2 bottom, S 2p3/2 top, and V 3p3/2 core level peaks, measured 
at hν = 400 eV, 270 eV, and 270 eV, respectively. Orange sectors are experimental data, while the grayscale patterns on which they 
are superimposed are corresponding XPD simulations. The schematics at right—(d), (h), (l) and (p)—show the V1+xS2 structures 
used for the simulations. (a)–(c) XPD simulations for 1H-VS2 with a lattice constant of a  =  3.17 Å. As can be seen by inspection, 
these simulations are not compatible with experimental data acquired from any of the phases. (e)–(g) Experimental XPD patterns 
obtained from phase I, superimposed on XPD simulations for 1T-VS2 with a lattice constant of a  =  3.17 Å. (i)–(k) Experimental 
XPD patterns obtained from phase I′, superimposed on XPD simulations for 1T-VS2 with a lattice constant of a  =  3.25 Å. (m)–(o) 
Experimental XPD patterns obtained from phase II, superimposed on XPD simulations for the lattice structure shown in (p). In 
the case of phases I and I′, a single-domain orientation of the 1T configuration is used for the simulation, while for phase II the 
simulation includes three rotational domains probed simultaneously by the light spot. In (p) only a single rotational domain is 
illustrated. In the schematics in (d), (h), (l), and (p), yellow spheres indicate S atoms and grey spheres, V atoms. The blue spheres in 
(p) indicate down-modulated top-S atoms and the red spheres, up-modulated top-S atoms. The coloured circles in the upper-right-
hand corners of the data panels indicate which of the correspondingly-coloured XPS peaks in figure 4 is the source of each set of 
XPD data shown here; however, note that the data here were acquired at different photon energies than the XPS data in figure 4. The 
number at the lower right corner of each panel is the R-factor associated with the simulation shown.

2D Mater. 5 (2018) 045009



9

F Arnold et al

functions of the 1H structure, while figures 5(e)–(g)
give the corresponding simulations for a structurally 
optimized 1T structure (layer thickness 2.9(1) Å and 
lattice parameter 3.17(3) Å) along with a direct com-
parison to the experimental data. The identification 
of the structure as 1T is confirmed by the excellent 
R-factors (shown in the bottom of each panel). The 
poor agreement for the 1H phase is obvious, especially 
for the modulation function of the bottom S atom. It 
is easy to understand that the emission from this par
ticular atom matters most for the distinction between 
the 1T and 1H phases: the relative coordination of 
the V and the top S atoms is the same for both struc-
tures, so neither the forward-scattering-dominated 
modulation function of V 3p nor the backscattering-
dominated modulation function of the top S atom 
can be expected to be very different for the two struc-
tures. Note that the modulation functions for the 1H 
phase in figures  5(a)–(c) were calculated using the
same lattice parameter as for the 1T phase (in agree-
ment also with LEED and STM data), but a different 
choice of lattice parameter in the simulation would 
not be expected to significantly impact the qualita-
tive disagreement between the simulation and the 
experimental data. Interestingly, the good agreement 
shown here for the 1T phase is obtained from a model 
with a single rotational domain on the surface—i.e. a
simulation with an absence of mirror-twin domains. 
Such domains commonly [34, 48] (but not always 
[49]) occur in the synthesis of SL TMDCs. That the 
sample consists primarily of a single domain-orienta-
tion is evident in the three-fold (rather than six-fold) 
symmetry of the diffraction patterns. We note that 
recent theoretical studies have predicted that the 1H 
structure should be the stable structural phase of SL 
VS2 in the temperature regime investigated here [25, 
26], but we do not find any indication of this in the 
present study. A possible reason could be the interac-
tion with the substrate.

The XPD data for phase I′, figures 5(i)–(k), sus-
tain all the main features seen for phase I (figures 
5(e)–(g)) with only very minor changes. The best
agreement between XPD measurements and simu-
lation is again found for the 1T configuration (the 
simulation here also assumes single-domain orienta-
tion), still with a thickness of 2.90(1) Å and a slightly 
increased lattice constant of 3.25(5) Å. Note that a 
small increase of the in-plane lattice constant is con-
sistent with the LEED results for the transition from 
phase I to phase I′.

Phase II represents an entirely different structure 
from the two other phases, as already indicated by 
LEED and STM. We have determined this structure by 
simulating XPD modulation functions for a range of 
crystal structures, with the requirement that simulated 
structures must be consistent with STM and LEED 
data (i.e. must possess a rectangular  ≈8.2 Å  ×  3.1 Å 
surface unit cell and exhibit an up-down modulation 
of the top S along the direction of the longer side of the 
unit cell), and minimizing the R-factor with respect to 
the experimentally obtained XPD data; furthermore, 
we required that simulated structures must be obtain-
able by a plausible phase transition involving S desorp-
tion from the known structure of phase I′ (figure 5(l)). 
Having a rectangular unit cell, phase II forms three 
domains on the three-fold Au(1 1 1) substrate, and 
these domains are rotated by 120° with respect to each 
other. The presence of all three domains was taken 
into account in the simulations. The resulting optim
ized structure is shown in figure 5(p). Good agreement 
with the measurements was found for a simulated unit 
cell of size 9.30(12) Å  ×  3.25(7) Å and layer thickness 
2.94(11) Å. The top of the layer consists of two rows of 
S atoms, as observed by STM, with a height difference 
of 0.15(13) Å, also consistent with STM.

The overall agreement between simulated and 
measured modulation functions is very good for all 
three phases but is best for phase I. The higher over-

Figure 6.  Possible reaction pathway from phase I to phase II. (a) Structure of phase I with a rectangular unit cell that forms the basis 
for the transformation to phase II. (b) The black crosses mark the S atoms in the unit cell that are lost in the transition. (c) Final 
structure of phase II that requires a distortion of the atoms in the layer and a shrinking of the unit cell in the long direction.
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all R-factor for phase I′ compared to phase I is easily 
understood in terms of phase I′ being a S-deficient and 
hence defective structure. The even higher R-factor for 
phase II might be related to the presence of domain 
boundaries between the rotational domains in phase 
II (the boundaries are not accounted for in the simula-
tions) and to local anti-phase domain boundaries such 
as the one seen in the inset of figure 1(e)—a frequently 
observed defect in the local atomic structure of this 
phase.

A question so far not touched upon is the pathway 
for the formation of phase II from phase I. A possi-
ble scenario is proposed in figure 6. Starting from the 
intact phase I in figure 6(a), a rectangular unit cell is 
shown that eventually transforms into the unit cell 
of phase II. The transition to phase II then proceeds 
by the desorption of the S atoms marked by black 
crosses in figure 6(b) and by a rearrangement of the 
remaining atoms to form the structure of phase II 
in figure 6(c). This rearrangement includes the con-
traction of the unit cell in the long direction and the 
distortion of the V lattice from a hexagonal geometry 
into zigzag chains. These chains have V–V distances
of only 2.45(4) Å, which is smaller than the nearest-
neighbour distance in bulk metallic V in the body-
centred cubic structure; this suggests that phase II 
might exhibit metallic bonding upon sulphur deple-
tion. The transition pathway described here can easily 
explain several observations we have made in con-
nection with phase II. A desorption of the S atoms 
from the top layer would, apart from being naïvely 
expected, explain the loss of photoemission intensity 
in the top-layer S core levels (even though such a loss is 
hard to quantify).

4. Conclusion

In conclusion, we have reported here the first realization 
of two new single-layer V sulphide compounds. One 
of these, 1T-VS2, has a bulk analogue, even though 
the stoichiometric bulk VS2 is metastable. It will be 
extremely interesting to probe the magnetic properties 
of the single layer compound and its susceptibility 
to charge density wave transitions, and to compare 
its behaviour to that of the recently synthesized and 
closely related material SL VSe2 [32]. Heating the VS2 
layer in vacuum leads to a S-depleted structure with an 
increased in-plane lattice constant. This is consistent 
with the behaviour of bulk 1T-V1+xS2 [15].

The other new 2D form of V1+xS2, called ‘phase II’
in this paper, is in many ways even more interesting, as 
it does not have a bulk analogue. The new material’s
electronic structure, possible charge density wave 
phases, and magnetic ordering remain to be explored, 
and an interesting open question is whether the S loss 
in the transition from stoichiometric SL VS2 to the new 
phase modifies the material properties in such a way   
as to alter the magnetic properties of  VS2 and its ten-
dency to form charge density waves.
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