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ABSTRACT: Two ultimately thin vanadium-rich 2D materials based on VS, are created via molecular beam epitaxy
and investigated using scanning tunneling microscopy, X-ray photoemission spectroscopy, and density functional
theory (DFT) calculations. The controlled synthesis of stoichiometric single-layer VS, or either of the two
vanadium-rich materials is achieved by varying the sample coverage and sulfur pressure during annealing. Through
annealing of small stoichiometric single-layer VS, islands without S pressure, S-vacancies spontaneously order in 1D
arrays, giving rise to patterned adsorption. Via the comparison of DFT calculations with scanning tunneling
microscopy data, the atomic structure of the S-depleted phase, with a stoichiometry of V,S,, is determined. By
depositing larger amounts of vanadium and sulfur, which are subsequently annealed in a S-rich atmosphere, self-
intercalated ultimately thin VSs-derived layers are obtained, which host 2 X 2 V-layers between sheets of VS,. We
provide atomic models for the thinnest V;Sg-derived structures. Finally, we use scanning tunneling spectroscopy to
investigate the charge density wave observed in the 2D V;S;-derived islands.

KEYWORDS: transition metal dichalcogenides, VS,, VSg, charge density wave, layer dependence, atomic structure engineering,
2D materials

Atomic structure engineering of two-dimensional (2D)
materials in order to tailor their electronic and chemical
properties has been on the forefront of recent research. Various
methods to achieve this have been explored, like the
introduction of point or line defects,' ™ creatinég horizontal or
vertical heterostructures,”” doping or gating, =2 as well as
intercalation of native or foreign atoms between the layers.'”""

The creation of defects has been particularly successful in
engineering transition metal dichalcogenides (TMDCs)."?
Chalcogen vacancies alone can be used to dope TMDCs'” to
develop or enhance a magnetic ground state'*'> or to gain
increased surface reactivity.'®'” Vacancies can be created by
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extrinsic means like electron beam irradiation but can also

spontaneously form under suitable conditions through thermal
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annealing.
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Figure 1. Atomic structures and phase diagram of VS, compounds. (a—d) Atomic structure models of VS,, V,S,, V,S,4, and VS, ,, respectively.
Below the structures, a Gr substrate layer is drawn; besides the images, the apparent height measured with STM is indicated. The suggested
structure of V,S, is based on density functional theory (DFT) calculations. For V;Sq,,, the actual configuration of the S atoms in the lowest layer
is not known. (e) Schematic representation of phases present after an annealing temperature of 800 K. The figures indicated next to data points
represent the corresponding compounds. Figures S1 and S2 are in the Supporting Information. With increasing initial coverage and annealing S
pressure, the transition of VS, into VS is suppressed. Instead, a 2 X 2 self-intercalated material is obtained, with stoichiometry VS, or V;Sq, .

depending on the number of intercalation layers.

Since TMDCs are layered materials, they are also easily
intercalated, with additional metal atoms placed between the
TMDC sheets."" Intercalated atomic layers have been used to
enhance electronic conductivity and induce ferromagnetism,
phase transitions, or Ising superconductivity in TMDCs.' "~
While these intercalants have been used extensively to
intercalate bulk TMDCs,'”'”*"** recently the focus has shifted
to bilayer TMDC intercalation, being the thinnest intercalated
material.>****®

Among TMDCs, vanadium-based compounds like VS, have
attracted substantial theoretical research interest due to their
predicted electronically correlated and magnetic ground states
when thinned down to a single layer.”*">° However, due to the
lack of a stable bulk polymorph,®”*" VS, is a particularly
challenging material to synthesize as a few-layer system, and it
was a late addition of the single-layer TMDCs when it was
synthesized on Au(111)** and on quasi-freestanding on Gr/
Ir(111), where a9 X /3 R30° charge density wave (CDW) was
found.” Owing to the wealth of experiments performed on VS,
and its sister compound VSe, showing the absence of net
magnetic moment in these materials, it is commonly accepted
that the theoretically predicted ferromagnetic ground state”*~>”
is not realized in pristine single layers of these materials.'***

In contrast, the stable compound, V;Sg exhibits layer-
dependent magnetism, which transforms with decreasing
thickness from antiferromagnetic to ferromagnetic.”> ™" These
results have so far been limited to samples down to 3 nm
thickness since this compound has not yet been realized in its
minimum thickness configuration of two VS, layers sandwiching
a2 X 2V intercalation layer. Transport measurements of bulk
VSg show no increase in the resistivity at low temperatures,
suggesting that it does not have a CDW,”®*” though upon
cooling down to 100 K, an anisotropic contraction of V—V
bonds was observed using X-ray diffraction.*’ Several studies
also note that the magnetic moment of the intercalated V atoms
can couple to the itinerant electrons in the VS, sheets, leading to
the Kondo effect.*"**

Here, we explore two 2D vanadium—sulfide compounds,
created using a two-step molecular beam epitaxy process. The

synthesis consists of an initial growth step at room temperature
and an annealing step at elevated temperature to enhance island
shape and alignment. Depending on the amount of deposited
material during growth, the temperature, and the S pressure
during annealing, three materials of different V/S stoichiome-
tries are obtained. Since V deposition always takes place in large
S excess, the deposited amount is characterized through the
amount of V deposited—the V atoms stay on the surface, while
excess S evaporates. The unit used is monolayer (ML), which
characterizes the V amount needed to grow a full single layer of
stoichiometric VS,, i.e., an amount of 1.12 X 10"’ V atoms per
m® The synthesis is performed in each case on the inert
graphene Gr/Ir(111) substrate. 2D materials on this substrate
were proven to be quasi-freestanding due the single crystal
quality of the Gr layer and the negligible hybridization with
Gr.”™* Specifically, the excellent agreement between experi-
ment and theory for the properties of CDWs in the single-layer
materials of TaS,, VS,, and NbS, indicates an at most weak
substrate effect on the formation and properties of CDWs in
single-layer 2D materials on Gr/ Ir(111).3***” Transfer of the
2D vanadium—sulfide compounds on insulating substrates using
standard techniques like polydimethylsiloxane stamps*® for
subsequent investigations is straightforward.

Single-layer islands of stoichiometric and phase-pure VS, are
obtained when less than 0.5 ML are deposited at room
temperature and annealed to a temperature not exceeding 600
K.** Under these conditions, the resulting single-layer VS, is
always present in the 1T phase, as depicted in Figure la. When
stoichiometric VS, is exposed to higher annealing temperatures,
it gradually transforms into V,S, a process that is completed at
an annealing temperature of ~800 K. V,S, has periodically
arranged rows of S vacancies and an accompanying buckling of
the lattice, see Figure 1b. However, when the initial coverage
during growth is larger, specifically when the islands resulting
from the initial growth carry second layer islands of significant
size, a different compound is formed upon annealing. It consists
of layers of VS, self-intercalated with V atoms in a 2 X 2 pattern.
The bulk stoichiometry of this phase would be VSg, which has a
NiAs structure with ordered V vacancies every second layer
(leaving a quarter of the V atoms to form the 2 X 2 pattern).”
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Table 1. Overview of Vanadium Sulfide Compounds and Their Synthesis Parameters

growth parameters and properties of vanadium sulfide compounds

stoichiometry VS, V.S, VoSi6 ViSgin

coverage (ML) <0.5 <0.5 >0.5 >0.5

annealing temperature (K) <600 ~800 ~800 ~800

annealing S pressure (mbar)  0—8 X 10~° 0—-8 x 107’ 5x107° 5x107°

purity phase pure phase pure not phase pure, mixed with other V;Sg-derived not phase pure, dominant with
structures excess V

(9 x /3)R30°,

CDW, T, 2300 K none, none (V3 x /3)R30°, %110 K (v/3 x /3)R30° ~110 K
structure T-phase TMDC S-vacancy rows 2 X 2-intercalation, VSg-derived 2 X 2-intercalation, VSg-derived
apparent height (nm) 0.65 0.8 1.15 1.45

figure 2d 2f Sb 6d

Figure 2. Evolution of stoichiometric VS, with temperature. (a) STM topograph of VS, islands with a coverage of 0.5 ML directly after growth at
300 K. (b—e) STM topographs after annealing to the indicated temperatures. The insets in (c—e) are close-ups of the topographs, highlighting
the different superstructures. All annealing was performed without S background pressure. Images taken at 300 K. To enhance the visibility of
the structures, each image displayed is a superposition of constant current STM topograph and its derivative. Image information (image size,
sample bias, and tunneling current): main panels 80 X 80 nm?, inset 20 X 20 nm’. (a) —1.0 V, 210 pA; (b) —1.0 V, 90 pA; (c) —1.0'V, 100 pA,
inset: —0.7 V, 550 pA; (d) —1.2'V, 110 pA, inset: —1.2 V, 110 pA; and (e) —1.3 V, 10 pA, inset: —1.3 V, 10 pA.

The V/S ratio of bulk V;Sg is a limit reached only when the
number of layers goes to infinity. We obtain VS,-derived islands
of minimal thickness, consisting of two layers of VS, with a2 X 2
layer of V atoms intercalated in the van der Waals (vdWs) gap
between the layer. Consequently, the stoichiometry is VoS4, see
Figure 1c. We also find evidence for the presence of a doubly
intercalated structure. In that case, a second 2 X 2 layer of V,
passivated by S atoms, intercalated in the vdWs gap between the
bottom VS, sheet and Gr, as depicted in Figure 1d. We denote
this structure as V;Sg, . since the precise amount of S saturating
the V is unknown. To show the different growth regimes in S
pressure and coverage needed to obtain either the vacancy row
structure V,S; or the 2D derivatives of VSg a schematic
representation is shown in Figure le, wherein the structures
obtained after room-temperature growth and subsequent
annealing at a temperature of 800 K are collected.

In this study, the materials shown schematically in Figure 1 are
investigated using scanning tunneling microscopy (STM), X-ray

photoemission spectroscopy (XPS), and DFT calculations.
Furthermore, using low-temperature scanning tunneling spec-

troscopy (STS), a (+/3 X ~/3)R30° CDW is found in the 2D
VSg-derived islands, with a transition temperature below 110 K.
An overview of our results is given in Table 1.

RESULTS

Creating 1D-Patterned V,S, from Single-Layer VS,. In
Figure 2a, the sample topography directly after growth at room
temperature is shown. Dendritic first layer islands of 0.65 nm
apparent height are visible, covered by small second layer
islands. After annealing under vacuum to 450 K, see Figure 2b,
the single-layer islands are less rough, but dendritic shapes are
still prevalent. After annealing to 600 K, in Figure 2c, the islands
are more compact with smoother edges. A superstructure,
identified in a previous work as a unidirectional charge density

wave with an approximate unit cell of 9 X +/3R30°,* covers all
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but the smallest regions of the islands. The CDW appears only
after annealing to 600 K, as its formation requires sufficiently
large islands of stoichiometric VS,. The instability of the CDW
on small islands of VS, has been documented in a previous
work.”?

Further annealing to 700 K, see Figure 2d, leads to the
dominant presence of a different type of striped superstructure
(note that already at 600 K, some stripes are present, compare
Figure 2c). The dark stripes have nonuniform spacing with a
minimal width of &1 nm and several domains of different
orientations, as can be seen in the inset. After annealing to 800 K,
in Figure 2e, the VS, islands are elongated but compact and
display a well-ordered pattern of stripes. The stripes are
generally aligned with the island edges and exhibit only three
domains, rotated by 120°. The islands have an altered apparent
height of 0.8 nm (see Note 3 of the Supporting Information for
line profiles of the relevant topographies). The area of the islands
has decreased—correspondingly, patches of what are presum-
ably S and V atoms intercalated under the Gr are visible.
Annealing beyond 800 K leads to the formation of higher
structures, discussed below, and elongated crystallites which are
not studied in the present manuscript, see Note 4 of the
Supporting Information.

Focusing on the stripe superstructure, Figure 3a shows the
result of annealing the stripes to 800 K in a moderate sulfur

a

Figure 3. Patterned adsorption of S on striped superstructure. (a)
STM topograph of a V,S, island with dark stripes covered by
adsorbates after annealing in a S-rich environment to 800 K. (b)
STM topograph of island surface after quick heating to 600 K. Most
of the adsorbates have desorbed. The yellow rhombus indicates the
Gr/Ir(111) moiré unit cell shining through the V,S, island. Note
that the example island shown in (b) is not the same island as in (a).
Images taken at 300 K. Image information (image size, sample bias,
and tunneling current): (a) 35 X 30 nm?, —0.5V, 10 pA; (b) 30 X 30
nm? —0.3 V, 20 pA.

background of Pl = 2 X 1077 mbar. Bright stripes of
adsorbates are present on the island, with a spacing
corresponding to the periodicity of the superstructure.
Subsequent annealing largely removes the adsorbates uncover-
ing the superstructure again, as shown in Figure 3b. Only some
bright adsorbate clusters are left. The moiré of Gr/Ir(111)
(marked with a yellow rhombus) becomes apparent again after
annealing.

We interpret the situation as follows: upon cooldown from the
annealing step, residual S, which is hard to pump out, adheres to
the islands. The subsequent brief heating in clean UHV causes
desorption of these adsorbed S atoms. Irrespective of the details,
the observations imply a modulated reactivity of the stripe
superstructure. Note that for stoichiometric VS, islands, such
structured adsorption was never observed. Note also the
reconstructed island edges in Figure 3b, with the stripes causing
kinked edges in segments parallel and orthogonal to them. The

stripe superstructure being imprinted on the step edge highlights
that the structure is not of electronic but of structural origin.

Turning to the atomic structure of the stripes, Figure 4a shows
an atomically resolved image of the surface of a striped single-
layer island. The rectangular unit cell is shown as a black box. Its
dimensions are (3.20 + 0.05) A along its short axis and (9.1 +
0.1) A along its long axis. The line profile along the black line
shows an apparent height corrugation of about 0.4 A. Depending
on the tunneling conditions, the apparent height varied in the
range from 0.4 to 0.6 A. The STM contrast allows identification
of two rows of atoms (presumably S atoms separated by grooves
with a faint substructure.)

Assuming the superstructure to result from S desorption and
given the rectangular symmetry of the unit cell with an S atom at
each corner of the unit cell, it would be compatible with a VS,
lattice from which either every second or every fourth row of S
desorbed. If this would occur without any other changes in the
bonding distances of the V and lower S layer, one would expect a
periodicity of either 2 Xay, X+/3/2=55A or
4 X ayg, X /3/2 =11.1 A normal to the removed rows.
While the periodicity resulting from the removal of every
second S row is inconsistent with the measured unit cell
dimension, the somewhat larger unit cell size derived from our
assumption of every fourth S row removed could be rationalized
by a bond order—bond length argument: the remaining atoms
strengthen their bonds and consequently shorten them.

A model involving the removal of every fourth row was also
proposed for a similar sized unit cell with the same symmetry by
Liu et al.' for the sister compound, VSe,. They observed a
striped phase after annealing monolayer VSe, grown on
graphite.

To clarify the situation, we conducted DFT calculations
confining VS, to the size of the experimental unit cell. We placed
the VS, layer on Gr and removed every fourth top layer S row.
After relaxation, the structure shown in Figure 4b,c was
obtained. The nominal composition of the compound is V,S..
The removal of the S atom row has led to a buckling of the
structure and changed the coordination of one of the remaining
rows of S atoms from 3-fold to 4-fold. The simulated STM image
shown in Figure 4d, using precisely the same sample bias of —0.5
V as in the experiment, shows striking agreement with the
experimental topograph of Figure 4a. The predicted corrugation
of the structure of ~0.6 A matches reasonably well with
experiment, as does the asymmetry of the profile.

Giving up the constraint of an initially intact VS, layer with
just S rows removed, alternative models can be considered. If an
additional VS, unit is removed per cell, compound V,S; is
formed by bond reorganization. Simulated STM topographs
reproduce the experimental STM contrast reasonably well
(compare Note S of the Supporting Information). However, the
corrugation of the resulting structure is well above 2 A, at
variance with experiment. Its formation would furthermore
involve bond breaking and either loss V or expansion of islands,
which are also considered to be unlikely. A model similar to this
scenario was proposed by Chua et al."® to explain a striped phase
after annealing of monolayer VSe, on MoS,. However, their unit
cell was substantially larger and of different symmetry than the S
compound discussed here.

In order to obtain additional information about the effect of
annealing stoichiometric VS,, we performed high-resolution X-
ray photoemission spectroscopy (XPS) of the S 2p core level.
Figure Sa shows the S 2p core-level spectra obtained for samples
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Figure 5. XPS of single-layer VS,. (a) Temperature-resolved X-ray photoemission spectra (XPS) of S 2p;,, and S 2p, /, core-level spectra of VS,
with a coverage of 0.5 ML measured at a photon energy of hv = 260 eV. For each successive data point, the sample was annealed to the indicated
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data points are represented by black circles and the overall fit by a solid black line. (d) Change of the relative intensities of the fit components
during the entire annealing sequence as a function of temperature. Dashed lines to guide the eye. Note that the relative intensity of the
intercalated S atoms S;, has been plotted on the right y-axis versus the total S signal of the atoms in the vanadium compound.

with increasing annealing temperatures in the absence of S
pressure from bottom to top. Spin—orbit coupling of the S 2p
level gives rise to an S 2p;/, and S 2p,,, doublet separated by

1.19(3) eV. At S00 K, only a single S 2p doublet is visible, with
peaks at 160.83(3) and 162.02(3) eV. As the annealing
temperature is increased, more doublets become pronounced.
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In particular, the S 2p peak intensities shift toward higher
binding energies. At the highest annealing temperature of 850 K,
the total intensity of the signal is significantly reduced.

Fitting the XPS spectra across the whole range of annealing
temperatures requires five doublets, which will be discussed by
reference to the lower binding energy 2p;,, peak of the doublet.
In Figure Sb, a single component (160.83(3) eV, yellow)
dominates the spectrum, denoted as Sysg,. In contrast, the 800 K
spectrum in Figure Sc is made up of multiple doublets of similar
intensity. Crucially, two doublets close to the original yellow
component are now present at 800 K, which we denote as
Svas7—1 (161.13(3) eV, orange) and Syug_, (161.47(3) eV,
brown). Comparison to the S00 K spectrum furthermore reveals
that the dark gray (162.53(3) eV) component Sg has
disappeared, whereas the silver (162.03(3) eV) component
Sint is still present and has larger relative intensity.

From STM images, we know that at or below 600 K, mainly
unperturbed (though defective) single-layer VS, islands are
present (compare Figure 2a—c). We therefore assign Sys, to
stoichiometric VS,. Sg, which disappears rapidly when the
sample is heated up from room temperature, we assign to sulfur
species which react or desorb upon annealing. S, on the other
hand, can be straightforwardly assigned to S atoms intercalated
between Grand Ir(111).”° The presence of intercalated S atoms
is inferred from STM images (see Note 6 of the Supporting
Information) and low-energy electron diffraction (LEED), an
example of which is shown in Figure 7. The assignment is further
based on the presence of this peak at the same location for all
samples investigated in this study. Its high binding energy
furthermore sets it apart from the peaks intrinstic to the
vanadium sulfide compound. Syus;_; and Syug;_, finally are
related to the formation of the striped vacancy row V,S,
observed in STM, as these components are present in significant
intensity only at higher annealing temperatures.

Plotting the relative intensities of all components against the
annealing temperature in Figure 5d, we can broadly distinguish
three stages. At 300 K, stoichiometric VS, is coexisting with
unreacted sulfur (compare Figure 2a and Note 7 of the
Supporting Information). Upon annealing to 500 K, the sulfur

desorbs from the surface, leaving a sample consisting mainly of
stoichiometric VS,, with about 90% of the vanadium sulfide
intensity stemming from the Sy, component. Above 600 K, the
sample undergoes a transition to V,S,, with Sy,s,_; and Sy,s;_,
becoming prominent with a ratio that tends to 1:2. Because of
this ratio, we assign Sy,s7., to the two almost equivalent, 3-fold
coordinated S atom rows in the DFT calculation of Figure 4b,c,
and Sy,g;_; to the other S atom row, which has a 4-fold
coordination, see Note 8 of the Supporting Information. While
Sys is reduced in intensity and shifts to a slightly higher binding
energy by 100 meV when the sample is annealed, it remains
present up to 800 K, when the sample surface uniformly exhibits
the striped superstructure. We infer that this signal stems from
the bottom S atoms, which are in a chemical environment not
too different to that of pristine VS,. At higher annealing
temperatures, the S detached from VS, intercalates below Gr,
which can be seen in Figure 2e, leading to the strong increase in
the relative intensity of the S;,, component.

In conclusion, we interpret V,S, to emerge gradually with
increasing annealing temperature through loss of sulfur from the
initial VS, islands and an accompanying reconstruction of the
atomic lattice (compare Figures 2c—e). At about 800 K, the
density of the vacancy rows has reached a saturation, resulting in
uniform V,S, characterized by every fourth sulfur top layer row
missing. The XPS spectra, which show the appearance of S 2p
doublets at considerably higher binding energies, support this
interpretation. In particular, the presence of extra S 2p
components indicates that most of the top layer S atoms are
in a different chemical environment compared to pristine VS,,
which makes a different stoichiometry likely. The loss in S is
accompanied by a substantial lattice reconstruction, also
consistent with the reshaping of the islands, which reflect the
vacancy row periodicity. In contrast, no significant changes are
observed in the V 2p XP spectra, see Note 9 of the Supporting
Information.

The observation of a striped sulfur-depleted phase after
annealing of a monolayer of VS, or VSe, appears to be a
common feature of these materials. However, the precise
structure that is obtained depends on the substrate. Annealing of
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Figure 7.2 X 2 self-intercalation in multiheight VS . A 118 eV LEED image of VS, after annealing to 800 K. Some Gr and Ir first-order reflections
are encircled black and green, respectively. Intercalated S (red) gives rise to a /3 X /3 superstructure with respect to Ir. Some first-order
reflections of VS, (orange) and reflections of a 2 X 2 superstructure with respect to VS, (light blue) are encircled. The contrast of the inner part
of the LEED image has been enhanced for clarity. (b) Room-temperature STM topograph of 1.15 nm island, with FFT as inset. A clear 2 X 2
superstructure is visible on the island. (c) STM topograph of the VS, sample, where 25% additional V atoms were deposited on a sample with a
coverage of ~1.2 ML grown at 300 K and annealed to 500 K. After room-temperature V deposition, the sample was subsequently annealed to
800 K in UHV (no S pressure). (d) STM topograph of 1.15 and 1.45 nm islands on sample without additional V atoms. A (/3 X +/3)R30°
superstructure is highlighted with blue circles on both islands, see text. Below the topograph, a height profile taken long the green line is shown.
(e) Side view of atomic structure model of 1.15 and 1.45 nm islands forming a continuous top layer. STM parameters: (b) 300 K, 10 X 10 nm?,
—1.0 V, and 200 pA; (c) 110 K, 80 X 80 nm?, 1.5 V, and 550 pA; and (d) 77 K, 16 X 16 nm?, —1.0 V, and 200 pA.

VS, on graphite results in V,Se,, as observed by Liu et al;'¢

similarly, annealing of VS, on graphene results in V,S,, as
observed by us. Despite the difference in the chalcogen, the same
stoichiometry and very similar structures with a rectangular unit
cell and an orthorhombic 2D Bravais lattice are formed.
Although annealing of VSe, on MoS, as done by Chua et al.’®
leads to the same stoichiometry of V,Se,, the unit cell is oblique
and the symmetry is that of a monoclinic 2D Bravais lattice.
Finally, annealing of monolayer VS, on Au(111), as conducted
by Arnold et al.”> and Kamber et al.,’' results in a more S-
depleted stoichiometry of V,S;, which in addition has a quite
different internal structure of the cell. It would display single
rows of S atoms rather than the double rows as observed
experimentally and simulated by DFT (compare Figure 4).
The formation of chalcogen vacancy rows or line defects due
to annealing, electron, or laser beam irradiation seems
furthermore a general feature in TMDCs like MoS,, MoTe,,
and WS,>>7> 1In the specific case of single-layer VSe,,
annealing-induced Se-vacancy rows were used to lift the spin
frustration of the material, leading to room-temperature
ferromagnetism.”> Since the CDW ground state responsible
for the magnetic frustration®® is very similar in both
stoichiometric single layers of VS, and VSe,, it would be of
great interest to track the effect of annealing VS, on its magnetic
properties. In contrast to VSe,, however, where it is possible to

14167

transform the patterned state back to stoichiometric VSe, via
low-temperature annealing after deposition of Se atoms,'*'°
low-temperature annealing in sulfur vapor did not recreate
stoichiometric VS, from V,S,. Depending on the coverage of the
sample, either adsorbed S atoms on top of the patterned material
were observed, depicted in Figure 4d, or—in the case of larger
coverage—higher structures were obtained, which will be
discussed below.

Self-Intercalation of V Atoms in Multilayer VS,. Instead
of single-layer VS, or V,S,, we can selectively grow a different 2D
material by changing the growth conditions to favor higher
structures. Already during growth at 300 K, multilayer structures
form (see Figure 2a). As we deposit more material, a substantial
fraction of the material will grow on top of single-layer VS,.
When we then anneal in a S-rich environment to about 800 K,
structures with several height levels are created, which do not
manifest S vacancies in their top layer.

In Figure 6a—c, the evolution of such a sample is depicted.
After annealing 1.2 ML of VS, to 550 K, the apparent height
distribution shows the 0.65 nm apparent height characteristic for
single-layer VS,, a significant area fraction of 1.15 nm height and
some small areas of 1.75 nm apparent height, as shown in Figure
6a. Annealing the sample to 800 K leads to a transformation of
island shapes and apparent heights, shown in Figure 6b. The
island edges are straight, largely aligned to the dense-packed
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lines are present to guide the eye. Note that the relative intensity of the intercalated S atoms S, has been plotted on the right y-axis versus the

total S signal of the atoms in the vanadium compound.

directions of Gr. Two additional island apparent heights (1.45
and 2.05 nm) appear, both 0.3 nm offset from the higher islands
already present at 550 K. The lowest islands are now 1.15 nm
high. No single-layer VS, is present on the surface. While the
different islands are generally sharply demarcated by step edges
from one another, continuous transitions between them are also
observed, like in the bottom left of Figure 6b. These transitions
will be discussed below. When the sample is further annealed to
950 K, as shown in Figure 6¢, only islands with apparent heights
of 1.75 nm and up are observed. We thus find that as the
annealing temperature increases, the island density goes down,
while the average apparent island height increases, with island
heights separated by ~0.3 nm. The resulting sample cannot be
understood as multilayer VS, since the height of each VS, layer is
~0.6 nm. We therefore refer to these samples as multiheight VS,.
Our investigation will focus on the lower two levels of 1.15 and
1.45 nm apparent height, which will be identified as 2D derivates
of V,Ss.

In the LEED pattern of the multiheight sample annealed at
800 K, where the apparent minimum island heightis 1.15 nm, we
find multiple ordered structures, see Figure 7a. The Gr (black
circle) and iridium (green circle) first-order spots are visible,
surrounded by hardly visible satellite spots from their moiré.
Closer to the center, sharp J3 x 3 spots with respect to Ir
[(+/3 X +/3);,] are present, which stem from § intercalation
under Gr. The VS, spots (orange ellipses) are elongated,
indicating a small epitaxial spread in orientation angles, which

sets them apart from the perfectly oriented spots of the substrate.
Besides the first-order VS, spots, two other sets of spots with the
same elongation are visible, which are identified as first- and
second-order spots of a 2 X 2 superstructure with respect to VS,
The first-order spots indicate a hexagonal symmetry with a
lattice parameter of 3.23 + 0.03 A. This is close to the lattice
parameter of stoichiometric VS, (3.21 + 0.02 A).33’57 However,
the strong 2 X 2 reflections are characteristic of VS, a material
of monoclinic symmetry which can be understood as a bulk
crystal consisting of sheets of VS, with a 2 X 2 layer of V atoms in
between.*’

An atomically resolved STM topograph, taken at room
temperature, of a 1.15 nm high island after annealing to 800 K,
depicted in Figure 7b, shows that the material has preserved its
hexagonal symmetry on the surface—as expected from the
LEED pattern. At room temperature and under favorable
imaging conditions, along with the atomic lattice, a 2 X 2
superstructure is visible. The superstructure is slightly
disordered. This is also evident in the fast Fourier transform
(FFT) shown in the inset of Figure 7b, where the 2 X 2 spots
(green circles) are broader than the atomic lattice spots (yellow
circles). The presence of a (2 X 2) superstructure in STM is
consistent with a 2 X 2 intercalation layer, as expected for VS,.
The fact that it is hard to image and not present on all atomic
resolution topographs obtained indicates that the 2 X 2 layer
does not originate from the top layer, again as expected for an
intercalation layer in a VSg-derived structure.
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To confirm that it is straightforward to self-intercalate V into
existing layers, we evaporated 25% additional V atoms on an
already grown VS, sample annealed to 500 K. Prior to V
deposition, the sample was comparable to the sample shown in
Figure 6a, with uncovered single-layer VS, and some islands of
1.15 nm apparent height. The evaporation was performed in
UHYV, with no additional S added. After deposition, the sample
was annealed to 800 K in UHV—so again without the addition
of any S. The result is shown in Figure 7c. Compared to Figure
6b, which was annealed to the same temperature, the ratio of
1.45 nm islands to 1.15 nm islands has increased, and little to no
thicker layers have formed. Crucially, no V atoms or clusters are
present on top of the islands or the Gr. The V atoms have been
incorporated in the islands, changing their stoichiometry. In the
LEED of this sample, a clear 2 X 2 signal can be distinguished,
consistent with our interpretation of a 2 X 2 intercalation
structure, see Note 10 of the Supporting Information.

No structural differences exist between the surfaces of the 1.15
and 1.45 nm islands. On the contrary, a continuous transition
from one island type to the other is possible, as evinced in Figure
7d. In the image, an island of 1.45 nm apparent height can be
seen to continuously transform into the island of 1.15 nm on the
right-hand side, while a step edge separates it from the 1.15 nm
island in the upper left, as can be seen in the line profile below
Figure 7d. Because of this continuity, we conclude that the
structure of the islands is essentially the same.

The thinnest possible form of VSg consists of two layers of
VS, intercalated by a single 2 X 2 sheet of V atoms and has a
stoichiometry of VoS¢, see Figure 1c. The second thinnest 2D
V;Sg derivative would then have a second intercalation layer
under the lower S atoms. With these structures in mind, we give
an atomic model that explains the continuity in Figure 7e. Since
V atoms below the island would be highly reactive, we presume
that they are passivated by S atoms. This additional layer of V
and S accounts for the 3 A apparent height difference between
the islands, see in Figure 7e. The stoichiometry of the thicker
island, with two V intercalation layers, is dubbed V;Sq_,, since
the exact configuration of the bottom S atoms is not known. In
conclusion, after annealing to 800 K, no multilayer VS, is present
but only V,S,4- or VSg-derived layers which can be regarded as
VS, multilayers with all van der Waals gaps intercalated with a 2
X 2 pattern of V atoms.

Using XPS, we investigated the S 2p core level of VS, at
different temperatures during an annealing experiment in a S-
rich atmosphere corresponding to the STM sequence in Figure
6. The result is displayed in Figure 8a. After annealing to 500 K,
the Sys, doublet at 160.83(3) and 162.02(3) eV is most
prominent in the spectrum, indicating the dominant presence of
stoichiometric VS,, see Figure 8b. When the annealing
temperature is increased, Syg, decreases in intensity, and a
doublet Sysgg appears at the higher binding energy of 161.55(3)
eV (brown in Figure 8c). The total intensity of the signal is
reduced significantly. However, unlike the annealing sequence in
Figure 5, where a small coverage of VS, was annealed without S
pressure, the Syg, component in Figure 8 remains dominant up
to 800 K. When we fit the spectra, using the same fitting
parameters for Sys, and Sy as for the fits of Figure 5, we find that
we obtain a reliable fit for a total of four peaks. Besides Sysgq, we
added a minor dark gray component S, located at 163.30(10)
eV, hardly visible in the spectra and of unknown origin.
Additional XP spectra of the sample with extra V atoms, shown
in Figure 7c, can be found in Note 11 of the Supporting
Information.

Tracking the relative intensities of all components in Figure
8d, it becomes apparent that Sy;gg is already present at the lowest
investigated temperature and grows at the expense of Sy, with
an onset for the growth between 550 and 600 K. S, remains of
equal low intensity throughout the annealing process, while S
grows as the annealing temperature is increased.

We interpret the two characteristic components in V;Sg-
derived islands to stem from S atoms in two different chemical
environments. S atoms bound only to 3 V neighbors as in VS,
give rise to the Sy, component, which undergoes a small shift on
the order of ~100 meV toward lower binding energies upon
intercalation, while S atoms next to the V 2 X 2 intercalation
layer, being bound to more than 3 V, give rise to the Sysgg
component. Although the 2 X 2 superstructure in STM and
LEED alone could stem from a lattice distortion, the strong shift
(~700 meV) in the binding energy of the S atoms from the Sy,
to the Sysgs doublet signals a more significant change in the
chemical environment of the atoms. A similar shift to higher
binding energy was observed in self-intercalated bilayers of VSe,
in ref 58, where it was associated with a change in the
electrostatic energy at the Se sites coordinated with more than 3
V atoms. Analogous to the XP spectra of VS again no
significant changes are observed in the V 2p XP spectra, see Note
12 of the Supporting Information.

Islands thicker than 1.45 nm are most likely also VS derived.
Consequently, the number of S atoms bordering 2 X 2 V planes
increases upon annealing, causing the Sysgs component to rise,
while the number of surface S atoms decreases, leading to the
decrease of the Sy, component and the observed shift in relative
ratio between the components. Since XPS is a surface-sensitive
technique, the Syg, component stemming from the top S atoms
will generally outweigh the XPS signals of S atoms deeper in the
islands, which explains the dominant presence of Syg, even when
most islands have one or more intercalation layers. We also
cannot exclude the presence of (unintercalated/partially
intercalated) vdWs gaps in the thicker islands. Their precise
analysis lies beyond the scope of the manuscript.

Concerning the other components, the comparatively small
increase in the relative intensity of S, compared to the increase
of the same component in the XPS of single-layer VS,, is
probably due to the presence of S-intercalation already after
annealing at 500 K since all annealing steps were performed in a
S-rich environment (note the high intensity of the S
intercalation spots in the LEED of Figure 7a). The increase in
the intensity of S is thus a measure of the reduced surface area
of the islands, exposing more of the Gr. The S, component has
little weight, and its origin cannot be conclusively determined. It
could stem from adsorbed S since it has a similarly high binding
energy as the Sg component in the monolayer.

To summarize at this point, we interpret the islands formed
when annealing a large (>1 ML) deposited amount of VS, ina S
background pressure as being VSg derived. This is indicated by
the simultaneous presence of a 2 X 2 superstructure in LEED
and STM and the Syssg component in the S 2p XPS spectra, with
abinding energy 700 meV higher than Syg,. We are able to create
a more pure minimal-thickness VSg sample via the evaporation
of extra V atoms on a multiheight sample annealed to 500 K, and
then annealing it to 800 K, as depicted in Figure 7c.

We note finally that in a similar fashion, VSeg was previously
procured from seed layers of VSe, during thin film growth>” or
by increasing the substrate temperature during growth or
annealing of single-layer VSe,.°”®" In a similar vein, the chemical
vapor deposition growth of VS, nanosheets generally leads to

int
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Figure 9. (v/3 X +/3)R30° CDW transition in thin V S;-derived islands. (a) FFT of 1.15 nm V,S,4 island taken at 7 K, with the superstructure
spots stemming from the (/3 X \/3)R30° and atomic lattice encircled in cyan and green, respectively. (b) Temperature dependence of
(/3 x /3)R30° CDW in V,S . Thermal evolution of intensities of CDW peaks normalized to intensities of Bragg peaks, from FFTs of 5 X §
nm? STM topographs of 1.15 nm (V,S,¢) and 1.45 nm high (V;Ss,,.) islands. (c—f) Topographs of the sample, as represented in the FFT of (a),
taken at the indicated temperatures. The unit cells of the (v/3 X +/3)R30° (cyan) and the atomic lattice (green) are shown. The STM
topographies used for the analysis were taken both close to the Fermi level (110—50] meV) and far from it (1300—500l meV), to make certain that
the disappearance is not an artifact stemming from different tunneling conditions. STM/STS parameters: (c—f) All topographs 5 X 5 nm?; (c)
—0.5V, 50 pA; (d) —0.5V, 200 pA; (e) 0.014 V, 500 pA; and (f) 0.010 V, 3 nA.

a 1.15 nm 1.45 nm

SLVS,
1.15nm
1.45 nm

di/dVv (a.u.)

-500 -250 0 250 500
bias (mV)

Figure 10. Multiple CDW orders in VSg-derived islands. (a) dI/dV spectra of islands of different apparent heights. Spectrum of single-layer
(SL) VS, (dashed line) added for comparison. (b—e) Constant-current dI/dV maps of different islands, all taken with V,, = —0.5 V. The insets
show FFTs of the images. Note that the FFTs only display the superstructure; no atomic spots are present. The superstructure spots are
encircled for emphasis. In the images, arrows are drawn to indicate the direction of particular periodicities. Each arrow has the size of three
wavelengths of the corresponding structure. STM/STS parameters: (a) V., = —500 mV, I, = 250 pA; (b—e) 9 X 9 nm? —0.5V, 100 pA. STS
taken with f,, .4 = 871 Hz and V.4 = S mV. Maps obtained at 7 K.

the simultaneous presence of VS, and VS.°>* In each case, the we showed that providing extra V atoms after an initial growth
small differences in formation energy between the self- step can help to favor one phase over the other and enables one
intercalated material and the TMDC are emphasized. Here, to grow phase-pure ultrathin VSg-derived materials down to the
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minimal thickness of 1.15 nm. These minimal thickness islands
with a stoichiometry of V,S,4 can be considered as single layers
of a 2D material.

(v/3 x \/3)R30° CDW in Ultimately Thin V;Sg-Derived
Islands. When we cool down the multiheight sample, we find
that the islands of 1.15 and 1.45 nm apparent height undergo a
phase transition. In both island types, a pronounced super-
structure with a periodicity of 5.5 + 0.1A = /3 ays, is observed
in topography at temperatures <77 K. This superstructure can
already be seen clearly in Figure 7d, where the (+/3 X /3 )R30°
superstructure maxima are encircled in blue. It coexists with the
CDW in the monolayer, see Note 13 of the Supporting
Information.

Upon heating the sample from 7 K back to room temperature,

the (/3 X +/3)R30° superstructure vanishes and the atomic
lattice becomes visible. As a measure of the strength of the
superstructure, we take the relative peak intensity of the 1 X 1

Bragg peaks with respect to that of the (V3 % +/3)R30°
peaks.’” In the 7 K FFT shown in Figure 9a, these are encircled
in green and cyan, respectively. Plotting the relative intensities
for FFTs obtained at different temperatures in Figure 9b,

(/3 X \/3)R30° can be seen to disappear between 77 and 110
K (see Note 14 of the Supporting Information for all
topographies and FFTs). Some representative topographies
are shown Figure 9c—f, which make clear that the 1 X 1 structure
is recovered at 110 K. From the strong temperature dependence

of the (/3 X +/3)R30° superstructure, we conclude that it is
likely a charge density wave. This CDW is not to be confused
with the one that develops in single-layer VS,, which is
unidirectional and has a much higher transition temperature,33
see Table 1 for the differences.

Finally, turning toward the electronic structure of the
multiheight islands, we can see in Figure 10a that, in contrast
to ML VS,, which hosts a CDW with a full gap above the Fermi
level Eg,*® dI/dV spectra taken on the thinnest VSg-derived
islands (1.1S and 1.45 nm) show a partial gap around Eg, while a
large density of states (DOS) peak is observed below Ep.
Comparing the dI/dV spectra of islands of different apparent
heights, taken with the same tip, we see essentially no differences
between islands of 1.15 and 1.45 nm apparent height, which is in

line with the fact that both have the same (/3 X /3 )R30°
CDW. While it is tempting to correlate the presence of a gap at
the Fermi level with the CDW, a more thorough investigation,
backed up by DFT calculations, is necessary to fully resolve this
issue. Gaps at the Fermi level have also been argued to arise due
to, e.g, inelastic tunneling eﬁfects,ss’é6 whereas CDWs do not
always lead to Fermi level gaps which can be resolved with
STM.> In this case, temperature-resolved ARPES data could
give more insight into the mechanism of CDW formation.

Investigating the electronic structure of the higher islands, we
note that islands of 1.75 nm have a similar spectrum, with the
same DOS peak below the Fermi level, albeit with a somewhat
reduced gap around Ep and a more pronounced depression
around 250 meV. At 2.05 nm apparent height, the center gap
around E is deeper, and the peak and depression, below and
above Ep, respectively, are less conspicuous. All in all, the
differences between the spectra are small enough to consider all
islands as representatives of the same generic V;Sg structure.
This is in line with the LEED data, which does not show
additional or different diffraction spots when the annealing
temperature is increased.

dI/dV maps taken on the islands at 7 K, as shown in Figure
10b—e, reveal that the small differences in electronic structure
can be correlated with different superstructures on the islands.
Note that all maps shown are taken at the same bias voltage V,,
= —0.5 meV, with the same tip, see Note 15 of the Supporting
Information for an overview STM image showing all
investigated islands. While the two lower islands both show

the aforementioned (v/3 X /3 )R30°, the lattice symmetry is
broken in the higher islands, which exhibit striped super-
structures. Upon closer inspection, the 1.75 nm superstructure
can be understood as a (v/3 X +/3)R30° structure, together
with dimerization along one of the high-symmetry directions of
the lattice, which is highlighted in the inset of Figure 10d. The
dimerization breaks the symmetry and leads to a distortion of
the \/3a FFT spots. The superstructure of the 2.05 nm island
shown in Figure 10e, on the other hand, can be readily
decomposed into a </3a and a 4a component, which are
orthogonal to one another. We tentatively interpret these
superstructures to be CDWs since LEED shows only 2 X 2 spots
down to 40 K, so that structural rearrangements upon cooling
down or different intercalation structures are less tenable as
explanations. Nevertheless, a more comprehensive character-
ization is necessary to confirm the validity of our CDW
interpretation.

The different superstructures illustrate the complexity of the
system. They underscore both the ubiquity of CDWs and
structural phase transitions in low-dimensional vanadium
chalcogenides and the metastability of any particular periodicity.
The situation seems to be analogous to the case of few-layer
compounds of the vanadium-based materials VSe,””~”" and
VTe,, >”* which host a plenitude of CDW phases (e.g., 4 X 4,
4 X 1,24/3 X 24/3,5x 1,and /3 X +/7), depending on the
substrate and the number of layers.

With respect to VSg in particular, the fact that it hosts a CDW
when thinned down to its 2D limit could be related to the layer
dependence of its magnetism, which changes from antiferro-
magnetic to ferromagnetic when thinned down to 3.2 nm.*>~*’
Since bulk VSg is not known to have a CDW, the interplay
between the formation of the (v/3 X +/3)R30° CDW and the
magnetic structure would be a compelling subject for further
study.

CONCLUSIONS

In conclusion, we have grown and investigated two 2D
vanadium-rich VS compounds: V,S; and VS, the latter
being the thinnest possible VSg-derived material.

V,S; is created from ML VS, by the formation of S-defects
through annealing without additional sulfur vapor. At an
annealing temperature of 800 K, the S defects have
spontaneously ordered into a homogeneous array of 1D
trenches. We have shown that this 1D pattern templates S
adsorption and speculate that also other adsorbates can be
templated through the vacancy row pattern. Based on the size
and symmetry of the experimental unit cell, ab initio DFT
calculations provided a stable structure model for V,S,, which is
fully consistent with the STM data.

VSg-derived islands are obtained automatically when a larger
coverage (>0.5 ML) of VS, is grown. At the investigated
annealing temperatures, no multilayer VS, is present. Only VS ¢
or thicker VSq-derived layers form, which can be considered to
result from intercalation of all vdW gaps in multilayer VS, with a
2 X 2V layer, forming a fully covalently bonded material. Using
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low-temperature STM, the thinnest 2D VSq-derived structures
were shown to undergo a CDW transition toa (+/3 X +/3)R30°
phase, which develops below 110 K, whereas the thicker islands
were found to exhibit different superstructures, presumably all of
CDW origin.

Our findings provide a recipe for the growth of two vanadium-
rich single-layer vanadium compounds. Given the thickness-
dependent magnetic and electronic properties of ViSg, having
access to its 2D form is of particular interest for the further
development of 2D magnetic materials.

METHODS

The experiments were conducted in five ultrahigh-vacuum systems
(base pressure in the low 107'® mbar range). Three systems were
equipped with sample preparation facilities, scanning tunneling
microscopy (STM)—operating at base temperatures given in the
figure captions—and low-energy electron diffraction (LEED). The
fourth system was the FlexPES beamline end station preparation
chamber at MAX IV, Laboratory Lund, Sweden. There, the samples
were grown following the same recipes as in the STM system, and
sample quality was checked by LEED. The fifth system was an STM-
only system, to which samples from FlexPES were transferred with a
vacuum suitcase and then measured by STM at room temperature and
110 K.

Ir(111) was cleaned by cycles of noble gas sputtering (4.5 keV Xe* at
75° with respect to the surface normal or with 1 keV Ar* at normal
incidence) and annealing to 1500 K. A closed monolayer of single-
crystalline Gr on Ir(111) is grown by room temperature exposure of
Ir(111) to ethylene until saturation, subsequent annealing to 1500 K,
and followed by exposure to 200 L ethylene at 1200 K.”*

The synthesis of vanadium sulfides on Gr/Ir(111) is based on a two-
step molecular beam epitaxy approach introduced in detail in ref 43 for
MoS,. In the first step, the sample is held at room temperature, and V is
evaporated at a rate of Fy = 2.5 X 10" atoms m™ s™" into a sulfur
background pressure of P& = 5 X 10~° mbar built up by thermal
decomposition of pyrite inside a Knudsen cell. In a second step, the
sample is annealed to 800 K with or without S pressure. The V flux was
calibrated by STM from the coverage of single-layer VS, islands. In the
captions, only the deposited V amount is specified as fraction of a
monolayer (ML) where 1 ML is 1.12 X 10" atoms m™, that is the
amount of V in a full layer of VS, based on the measured lattice
parameter of 3.21 A.>* For STM image processing, the WSxM software
was used.”

The XPS experiments were conducted at the FlexPES beamline at
MAX IV Laboratory, Lund, Sweden.”® The growth of VS, compounds
at the beamline was conducted with a V evaporator calibrated by STM
in the home lab. The calibration was confirmed through STM
measurements of a sample prepared at the end station and transferred in
a vacuum suitcase to the STM system at MAX IV. The S 2p core levels
were measured with a photon energy of 260 eV. The measurements
were conducted at room temperature with a spot size of 50 X 50 ym.
The spectra for each sample were fitted simultaneously for all
temperatures with pseudo-Voight functions. The width, skew, and
ratio of Gaussian to Lorentzian contributions were fixed for each
component, meaning that they were not allowed to vary between
spectra taken at different annealing temperatures. The center energy of
each component was granted a maximum deviation of +£100 meV to
account for small shifts in the chemical environment between spectra
while the intensities (total area) of the components were uncon-
strained. The fitting was performed with the Imfit module of python,
using a basinhopping algorithm.

Our ﬁrst-grinciples spin-polarized calculations were performed by
using DFT” and the projector au%mented plane wave method’® as
implemented in the VASP code.””*" For the plane wave expansion of
the Kohn—Sham wave functions,®’ we used a cutoff energy of 500 eV.
We performed the structural relaxation using vdW-DF2*” with a revised
Becke (B86b) exchange® ™™ functional to properly account for the
nonlocal correlation effects like van der Waals interactions.”® The

analysis of the electronic structures was done by using the PBE
exchange—correlation energy functional.*®
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