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Alloying two-dimensional VSe2 with Pt: From a charge density wave state to a disordered insulator
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We have analyzed by means of scanning tunneling microscopy and spectroscopy the atomic and electronic
structure of monolayers (1L) of 1T − VxPt1−xSe2 alloys grown by molecular beam epitaxy on epitaxial graphene
substrates. We have focused on the composition range (0.1 � x � 0.35) where ferromagnetic behavior has
recently been demonstrated. For low Pt concentration (x = 0.07 and 0.21), small domains (a few nanometers
in diameter) exhibiting the characteristic superstructure of the charge density wave (CDW) state of a pristine
VSe2 1L remain visible on most of the sample surface. Thus, alloying preserves the short-range order of the
CDW phase, although it destroys its long-range order. For higher Pt concentration (x ≈ 0.35), a disordered
alloy forms. It presents a fully developed gap (a few tens of millielectronvolts in width) at the Fermi level and
is thus a disordered insulator. This gap exhibits strong variations at the nanometer scale, reflecting the local
fluctuations in the composition. An unexpectedly large interaction of the transition-metal-dichalcogenide layer
with the graphene substrate sets in for this composition range.
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I. INTRODUCTION

Since ferromagnetism in two-dimensional (2D) materials
was reported [1,2], there has been intense experimental ac-
tivity to identify compounds with high Curie temperatures
[3–6]. Among them, the 1T -VSe2 monolayer (1L) is an ap-
pealing case due to the prediction of a ferromagnetic ground
state by ab initio calculations [7–11]. A pioneering paper has
indeed reported the observation of intrinsic high-temperature
ferromagnetism in this material [12]. However, several later
experimental works [13–17] have contested this conclusion.
Further reports indicate that the ferromagnetic signal may
originate from extrinsic defects [17,18]. The current under-
standing is that the absence of the ferromagnetic order in
defect-free 2D 1T -VSe2 results from a competition with a
charge density wave (CDW) instability, which develops below
room temperature for the 1L [14,15].

In addition to the search for homogeneous phases, one op-
tion is to modify, for instance, by doping, otherwise nonmag-
netic 2D materials such as transition metal dichalcogenides
(TMDs) to induce magnetic order. Recent achievements are
the development of dilute 2D magnetic semiconductors such
as V-substituted WSe2 [19,20]. Apart from providing mag-
netic ions, doping also induces some disorder in the TMD
layers, and it is known that a small amount of disorder can
significantly reduce the critical temperature for the CDW
transition in 2D materials [21]. Based on this result, it has
been proposed [22] that doping could depress the tempera-
ture at which the CDW order develops in 1L 1T -VSe2 to
sufficiently low values to allow for the establishment of the
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competitive ferromagnetic state. Further ab initio calculations
have indeed shown that 1L of ordered 1T -VxPt1−xSe2 alloys
could be ferromagnetic for 0.1 < x < 0.5 [22], even when
the lattice deformation associated with the CDW state was
considered. Measurements on the (presumably disordered) 2D
VxPt1−xSe2 alloys confirmed the presence of magnetism at
low temperature in molecular beam epitaxy (MBE)-grown
layers down to the 1L limit [22]. Specifically, a ferromagnetic
order sets in <10–30 K in the 1L phase for x = 0.35 [22].

In studies of 2D VxPt1−xSe2 alloys, detailed characteriza-
tion of the atomic structure and of the low-energy electronic
excitations of the material at low temperature was lacking.
These points are, however, relevant for a proper understand-
ing of the nature of the magnetism in the alloys, which are
presumably more disordered than the ideal case considered in
ab initio studies. Moreover, analysis of the low-energy elec-
tronic structure will indicate whether the material is metallic
or not in the temperature range where magnetism develops,
which is important for transport studies or possible appli-
cations [22]. The structural characterization techniques used
in Ref. [22] have already shown that some crystallographic
order is preserved upon alloying, with an average lattice pa-
rameter following Vegard’s law. Importantly, no intercalated
atoms could be detected in the van der Waals gap by means
of high-resolution electron microscopy (high-angle annular
dark field scanning transmission electron microscopy), and
x-ray diffraction did not reveal any parasitic phases (other
than the 1T phase) in the samples [22]. A band structure
remains observable in photoemission studies [22], although
the features are broader for alloys than for the pure 1T -VSe2

phase, but little information can be gained on the low-energy
range (within a few tens of millielectronvolts from the Fermi
level).
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In this paper, we present a study by scanning tunneling
microscopy (STM) and spectroscopy (STS) performed at 8 K
of the atomic and electronic structure of 1L of 2D VxPt1−xSe2

alloys for the composition range 0.07 � x � 0.35. The sam-
ples were grown by MBE on epitaxial graphene layers on SiC,
following the same procedure as in Refs. [22,23]. We focus
on the alloys with <50% Pt since the structural and magnetic
properties of the epitaxial layers have only been thoroughly
investigated in this range [22]. Moreover, our preliminary
reflection high-energy electron diffraction studies indicate a
significant degradation of the crystalline order for x > 0.50.
For the smallest values of x (0.07 and 0.21), we find that
small patches, only a few nanometers in diameter, exhibiting
the same reconstruction as the CDW state of pristine 1L
1T -VSe2, still exist in the alloy. A pseudogap (with typical
width of 50 meV) is found at the Fermi level in the patches.
These nanodomains coexist with disordered regions induced
by Pt incorporation. For x ≈ 0.35, the CDW patches have
disappeared, and the alloy becomes more homogeneous [22],
although it presents a granular aspect at the nanometer scale.
The electronic structure exhibits a full gap at the Fermi level
EF, hereafter called a hard gap. It is essentially symmetric
across EF, and its width is of the order of tens of millielectron-
volts. The 2D VxPt1−xSe2 alloys are thus magnetic insulators
for x ≈ 0.35. The gap width shows significant spatial varia-
tions at the nanometer scale which apparently reflect the local
distribution of grains. More surprisingly, we find evidence for
scattering of the graphene electrons by a sharp potential step
at the island edges, which is a priori unexpected for a van de
Waals interaction between 1L 1T -VxPt1−xSe2 and graphene.
Possible origins for both the gap in the TMD layer and the
scattering of graphene electrons are discussed.

II. RESULTS AND DISCUSSION

A. Morphology of the films

Since the nominal coverage of the deposited material is
lower than one TMD plane, 1L islands of VxPt1−xSe2 are
readily identified in large-scale STM images (see Figs. S2
and S3 in the Supplemental Material [23]). We shall focus
on this 1L phase in the following. To visualize the evolution
of the structure of V1−xPtxSe2 samples with increasing the
Pt content x, medium-scale images are shown for the three
compositions studied in Fig. 1. These images were taken us-
ing essentially the same tunneling parameters. For the lowest
nominal Pt concentration (7%), Fig. 1(a), the sample structure
consists of small domains with one-dimensional (1D; stripe)
reconstruction. Within the islands, the stripes are oriented
along three main directions rotated by 120 °, as expected for
an atomic lattice with hexagonal symmetry such as 1T -VSe2

or 1T -PtSe2. Three domains with such orientations are high-
lighted by square colored boxes in Fig. 1(a), and a numerical
zoomed-in image of one domain is shown in the right panel.
Within the domains, the perpendicular distance between rows
is ∼0.79 nm. An additional order seems to exist along the
rows, with a typical spacing of 0.6 nm between patterns.
The size of the domains is small, with a typical diameter
<5 nm, and their boundaries are decorated by dark spots,
which occasionally agglomerate into disordered regions [see

FIG. 1. Morphology of the V1−xPtxSe2 monolayer (1L) for dif-
ferent compositions. For each value of x, the left panel displays a
40 × 25 nm2 image acquired with the sample bias −500 mV. The
images were processed to enhance the contrast on the V1−xPtxSe2

1L so that the graphene substrate and the second transition metal
dichalcogenide (TMD) layer regions appear as black and white ar-
eas, respectively. The right panel is a numerical zoom with size
5 × 5 nm2 on the area marked by the purple square in the left panel.
(a) x = 0.07. The purple, blue, and green squares indicate domains
of the one-dimensional (1D) stripe reconstruction with three different
orientations. The white ovals indicate regions which appear as disor-
dered due to the agglomeration of dark point defects. (b) x = 0.21.
The purple square and the white ovals highlight the same features as
in (a). (c) x = 0.35. The green ovals indicate areas where the bright
grains are more closely packed (named dense areas in the text).

the white circles in Fig. 1(a)]. This contrasts with the usually
defect-free junctions observed between rotational domains of
the 1D superstructure in the CDW state of pure VSe2 [14,24].

An image for the sample with x = 0.21 is shown in
Fig. 1(b). Its structure is reminiscent from the one of the x =
0.07 sample [Fig. 1(a)], in the sense that ordered domains with
the 1D stripe reconstruction are still observed, with the same
periodicity perpendicular and parallel to the rows. The lateral
size (diameter) of the domains remains small (<5 nm). The
main differences with the x = 0.07 sample are that the density
of dark-point defects is significantly larger, and accordingly,
the relative amount of disordered regions [e.g., white ovals in
Fig. 1(b)] in the islands increase.

From the distance values measured across and along the
rows, the structure of the 1D stripe reconstruction for the
samples with 7 and 21% Pt is indeed quite like the one of
the low-temperature CDW state of genuine VSe2 [25]. We
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FIG. 2. Atomic and electronic structure of the sample with x =
0.21. (a) Left panel: 16.0 × 8.0 nm2 image taken with sample bias
Vs−100 mV and tunneling current It = 1.0 nA. The image has been
processed to enhance the atomic resolution as detailed in Fig. S5
in Sec. SI3 in the Supplemental Material [23]. The image of the
right panel is a numerical zoom with size 3.0 × 3.0 nm2 on the area
indicated by the green square in the left panel. The unit cells of the
�3 × 2 and �3 × �7 superstructure of the striped one-dimensional
(1D) reconstruction are shown as blue and black dotted diamonds,
respectively. (b) Conductance map built from a series of 181 dI/dV
spectra taken along the line indicated by the dashed blue arrow in
(a). The setpoint for the spectra is Vs = −500 mV, It = 500 pA. The
dark blue color corresponds to very low conductance. (c) Average of
40 spectra in the box limited by the dashed green lines in (b), where
the conductance signal depends only weakly on the position. Inset:
Zoom in the low bias region (±30 mV) with a linear conductance
scale. Sample temperature: 8 K.

can thus conjecture that the nanoscale ordered domains ob-
served in these samples are patches of almost pure VSe2,
which present the same CDW superstructure as the genuine
phase. This statement is strongly supported by the data pre-
sented in Fig. 2 that will be discussed later. One important
difference between our Pt-doped samples and the pure phase
(considering only VSe2 samples grown by MBE on graphitic
substrates) is that the size of the ordered domains with 1D
stripe reconstruction is quite small in our case. Their diameter
is <5 nm, whereas it is (at least) >10 nm for pure VSe2

[17,24,25]. Therefore, our data show that Pt incorporation in
VSe2 suppresses the long-range order of the CDW state but
not the short-range order since small patches of the CDW
with nanometer size persist up to x = 0.21. Such behavior
has already been observed for CDW materials upon increasing
the disorder [21,26,27] but usually for smaller concentrations
of defects. Notice that a recent study [28] also indicates the
disappearance of the CDW state for >20% doping of NbSe2

with Mo atoms. Another observation is that the short-range
CDW-like order already sets in, in domains that are only
2–3 nm in diameter (see also Fig. 2), apparently without the
need for a long coherence length [29]. This suggests that a

mechanism based on a local lattice deformation or strong
coupling, rather than the weak coupling (original Peierls) sce-
nario, is responsible for the development of the reconstruction
associated to the CDW state in VSe2 [30,31]. Possible struc-
tures for the lattice distortion associated with the CDW state in
1L VSe2 and in the related 1L VS2 phase have been proposed
in the literature [14,15,17,32].

Figure 1(c) presents an image for the sample with the high-
est Pt content (x = 0.35). The structure of the sample with
x = 0.33 is quite like the one discussed in this paragraph (see
Figs. S7 and S11 in the Supplemental Material [23]). Domains
with the 1D stripe reconstruction are no longer present in 1L,
whatever island is considered. We observe instead a granular
structure, with bright grains, whose diameter and separation
are in the nanometer range. In detail, the apparent height,
width, and shape vary slightly from one grain to the other
(see also Fig. 3). This granular structure shows up at both
positive and negative biases (see Fig. S4 in the Supplemental
Material [23]). The distribution of bright grains looks rather
uniform on a given island, as already quoted in Ref. [22].
However, local fluctuations of the distribution exist. These
variations result in spots where the density of grains seems
to be larger. Some of those dense areas are indicated by light
green ovals in Fig. 1(c). From Fig. S4 in the Supplemental
Material [23], the local density of bright grains remains the
same at opposite polarities. In principle, a strictly uniform
(ordered) substitution on the V sites would give an average
distance between Pt atoms of 0.6 nm for x = 0.35. As quoted
above, our STM data show variations of the contrast (apparent
height) on the TMD 1L over slightly larger distances, typically
a couple of nanometers (at least >1 nm). This points to a
nonuniform distribution of Pt atoms in the material, with local
fluctuations of the concentration on the same length scale.
We thus conclude that, for nominal Pt content x � 0.33, the
domains exhibiting the VSe2-like CDW reconstruction have
eventually disappeared and that a disordered V1−xPtxSe2 al-
loy with spatial fluctuations in the V : Pt concentration at the
nanometer scale has formed. There is a priori no reason to
believe that the local atomic structure of this alloy is like
the one of the disordered regions observed for the x = 0.21
sample in Fig. 1(b).

B. Atomic and electronic structure of 1L V1−xPtxSe2 islands

In this section, we give a more detailed account of the
local electronic structure of the islands, as derived from STS
studies. Considering the disordered nature of the experimental
system, we focus on two points: the structure of the ordered
domains found in the samples for x = 0.07 and 0.21 and the
nature of the gap at the Fermi level for more Pt-rich composi-
tions (for x = 0.33 and 0.35).

Figure 2(a) displays an atomic resolution image of the x =
0.21 sample where small ordered domains with two different
orientations are found. For this image, the atomic contrast has
been enhanced as described in Fig. S5 in the Supplemental
Material [23]. This numerical treatment allows visualizing the
�3 atomic periodicity along the lines of the stripe 1D recon-
struction. Considering the other direction, we observe either a
�3R30° × 2 (�3 × 2 in short) superstructure perpendicular
to the lines or possibly an oblique �3R30° × �7R19.1°
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FIG. 3. Atomic structure of the Pt-rich samples (x = 0.33 and 0.35). (a) Atomic resolution image taken on the sample with x = 0.33.
The hexagonal lattice with lattice constant a = 0.35 nm is superimposed on the granular structure. Image size: 8.0 × 8.0 nm2, sample bias
Vs = 500 mV, tunneling current It = 50 pA. The Fourier transform in the inset reveals the spots of the reciprocal lattice. (b)–(d) Variable
bias images of the same area with size 35.1 × 9.5 nm2 for the sample with x = 0.35. The contrast is enhanced on the 1L transition metal
dichalcogenide (TMD) so that graphene and 2L TMD zones appear dark and white, respectively. The sample bias Vs is given on each image;
the blue scale bar represents 5.0 nm. Green (black) circles indicate spots with high (low) density of bright grains in the high bias image of
(b). These areas turn bright (dark), respectively, in the low bias images (c) and (d). (e) Height histogram on the area of images (b)–(d) from
full-scale images (without contrast enhancement). The peak at 0 apparent height comes from the graphene substrate; the structure between 0.4
and 0.8 nm corresponds to the monolayer V0.65Pt0.35Se2. This later peak broadens on the low apparent height side at low biases (±0.1 V).

(�3 × �7 in short) one, as shown in the zoomed-in image
(right panel) of the green boxed area in Fig. 2(a). These two
superperiods would lead to a perpendicular distance of 0.69 or
0.85 nm between the lines for VSe2, which is consistent with
the value of 0.79 nm extracted from the medium-resolution
images of Fig. 1 [25]. Here, the periodic pattern is limited
to 3 nm, corresponding to the typical domain size. Never-
theless, the atomic structure displayed in Fig. 2(a) is almost
identical to the one reported for the CDW state of pure VSe2

[12,14,16,17,24,25,33]. This supports our statement that the
ordered domains with stripe reconstruction in Figs. 1(a) and
1(b) are indeed patches of 1L VSe2, which can develop a
CDW superstructure despite their small lateral dimensions.
Within these domains, we find no evidence for the strong
contrast variations due to the V/Pt alloying, which is observed,
for instance, in the x = 0.35 sample [see, e.g., Figs. 1(c) and
3]. This is another indication of the presence of pure VSe2

patches.
The electronic structure of the green-boxed nanodomain in

Fig. 2(a) was investigated by recording a line of 181 spectra
along the 4.50-nm-long dashed arrow in Fig. 2(a). The line of
spectra starts and ends on depressions at the boundary of dis-
ordered regions (see raw image in Fig. S5 in the Supplemental
Material [23]), but the central part goes across the ordered do-
main. The resulting conductance map is displayed in Fig. 2(b).
The signal is rather independent on the position in the central
part of the map, which indicates that the electronic structure
is homogeneous across the domain, as already found for 1L
VSe2 in Ref. [25]. The most salient feature of this map is the
strong depletion of the tunneling conductance near the Fermi
level [zero bias in Fig. 2(b)]. This characteristic has been
reported in all STS studies of the CDW state in genuine 1L
VSe2 [12,16,25], and it is consistent with the disappearance of

at least part of the Fermi surface observed in angle-resolved
photoemission spectroscopy (ARPES) studies of this material
[13,16,24,33,34]. This finding is thus in agreement with our
proposal for the nature of the ordered nanodomains. The exact
nature of depletion of the tunneling conductance, hard gap
or pseudogap, remains disputed for 1L VSe2 from the STS
and ARPES studies. Averaging the spectra over the central
part of the domain to enhance the signal-to-noise ratio, we
find [see Fig. 2(c)] that the conductance indeed goes (almost)
to zero right at the Fermi level but that it reaches small but
finite values within 10 meV from EF. This result suggests that
there is probably only a pseudogap at the Fermi level in this
domain, although we cannot totally exclude the presence of a
very small gap (of width �10 meV). A similar reduction in
the conductance at zero bias corresponding either to a pseu-
dogap or to a very narrow hard gap was consistently found
on several domains for the x = 0.21 and 0.07 (see Fig. S6 in
the Supplemental Material [23]) samples. The energy range
where the conductance is depressed is ∼50 meV. A similar
result was reported for pure 1T -VSe2 layers in the CDW phase
in Ref. [25].

It has been acknowledged that the development of the
CDW phase could allow eluding the magnetic ground state
predicted for the bare 1T -VSe2 phase [14,15]. This competi-
tion between CDW and ferromagnetic orders would indeed
result in a nonmagnetic ground state for 1L VSe2, which
agrees with most of the recent experimental reports [13–17].
Qualitatively, this competition can be described using basic
arguments. The band structure of 1T -VSe2 exhibits a van
Hove singularity at low energy, which leads to a high density
of states (DOS) at the Fermi level [10,35]. Following Stoner’s
criterion, a ferromagnetic ground state should appear for
the undistorted phase [15,35]. However, the periodic lattice
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distortion associated with the CDW phase is expected to lead
to a reduction of the DOS at the Fermi level compared with
the undistorted phase [15], preventing the development of the
ferromagnetic state in 1L VSe2. These results for the genuine
2D material indicate that the ordered nanodomains we observe
on the 1L islands for the x = 0.07 and 0.21 samples, which
we ascribe to patches of 1L VSe2 in the CDW state, are prob-
ably nonmagnetic. Therefore, the magnetic signal observed
for x = 0.20 in Ref. [22] should arise from the disordered (or
defective) regions indicated in Fig. 1(b). Considering that the
global (average) magnetization measured in Ref. [22] is larger
for x = 0.20 than for x = 0.35, our data additionally suggest
that the defective regions we observe in the x = 0.21 sample
should have a larger magnetic moment per unit surface than
the (average) one for the x = 0.35 phase. We cannot draw
such a conclusion for the x = 0.07 sample since its magnetic
structure is unknown: from Ref. [22], it is in between a mag-
netic phase for x = 0.10 and a nonmagnetic one for x = 0.0.

We now turn to the electronic structure of the phase ob-
served for the more Pt-rich samples. We first present in
Fig. 3(a) a picture of the x = 0.33 sample with atomic res-
olution on the 1L TMD island. One can identify the granular
structure with the typical length scale in the nanometer range
already present in Figs. 1(c) and S4 in the Supplemental
Material [23]. On top of this disordered background, we ob-
serve a regular triangular lattice with comparatively weaker
contrast (∼10–15 pm), which gives rise to a well-defined set
of spots in the Fourier transformed (FT) image shown in the
inset. After calibration on the graphene substrate (see Fig.
S7 in the Supplemental Material [23]), we deduce a lattice
parameter a ≈ 0.35 nm for the TMD 1L. This value is inter-
mediate between the in-plane lattice parameters of 1T -VSe2

(0.34 nm) and 1T -PtSe2 (0.38 nm), in agreement with diffrac-
tion data [22]. It is usually believed that atomic resolution on
TMD layers originates from the topmost Se layer [36–39].
The data of Fig. 3(a) therefore indicate that a well-ordered
Se atomic plane persists on top of the V1−xPtxSe2 1L, the
disorder observed at the nanometer scale being a consequence
of the random occupation of the sites in the metal plane by Pt
and V atoms.

The voltage dependence of the STM images of the 1L
is illustrated in Figs. 3(b) to 3(d), which have been taken
consecutively on the same spot of the x = 0.35 sample. We
focus there on the low bias values, i.e., Vs = ±100 mV. The
reference frame taken at +500 mV, Fig. 3(b), shows the ex-
pected granular structure, with local fluctuations in the density
of bright grains. Examples of areas with high- or low-grain
densities are indicated by light green and black circles, re-
spectively. At low sample bias, in Figs. 3(c) and 3(d), the
granular structure persists with essentially the same charac-
teristic length scale. However, some grains, and quite often
clusters of grains, seem to be switched off for Vs = ±100 mV.
Bright grains in the low-bias images have their counterpart in
the image taken at Vs = 500 mV, and most of the grains which
remain visible for Vs = 100 mV also appear bright for Vs =
−100 mV. Another general remark is that the bright grains (or
clusters of bright grains) which disappear at low bias are often
located in low-density areas of the Vs = 500 mV image [as the
one circled in black in Fig. 3(b)]. In the high-density areas [for
instance, inside the green circle in Fig. 3(b)], the grains remain

bright at low biases. Therefore, it seems that the evolution
upon changes in the imaging voltage of the granular structure
of the sample consists merely of a disappearance of some
bright features at low bias depending on their environment.
Notice that, as shown in Fig. S4 in the Supplemental Material
[23], the grains which appear bright at Vs = 500 mV are also
bright at Vs = −500 mV; thus, the contrast really depends pri-
marily on the absolute value of the bias. It is worth mentioning
that the apparent corrugation becomes large at low bias on
the V1−xPtxSe2 1L for x = 0.33 and 0.35, as illustrated in
Fig. 3(e), which represents histograms of apparent height for
the images in Figs. 3(b) to 3(d). The peak labeled “Gr” close to
the origin corresponds to the graphene substrate, and the broad
feature labeled “1L TMD” between 0.4 and 0.8 nm gives
the distribution of apparent height on the island. The width
of this later structure increases dramatically at low bias, and
eventually, the distribution becomes bimodal reflecting the
switching off of some bright grains. From current vs distance
curves (not shown), the 0.2 nm increase in the full width at
half maximum of the broad peak for Vs = ±100 mV would
correspond to a decrease by almost two orders of magnitude
of the tunneling current in constant height images. This points
to very strong variations of the tunneling DOS (TDOS) in the
low-energy range (for ±100 mV) compared with the high bias
(±500 mV) case for the x = 0.33 and 0.35 samples.

The spatial fluctuations of the low-energy TDOS for the
x = 0.33 and 0.35 samples can be analyzed from the series of
spectra taken along lines crossing the 1L islands. The conduc-
tance spectra for such a line are presented in Fig. 4. Figure 4(a)
shows the path followed by the tip (gray dashed arrow) super-
imposed on images of the area taken at biases of +500 and
+100 mV. The line begins on a terrace of the substrate made
of Bernal-stacked bilayer graphene (BLG) [40]. On the island,
the line crosses areas located close to the island edge and at
the end of the line, where the bright grains at +500 mV turn
dark at +100 mV. In between, the grains remain bright at both
biases. The corresponding conductance map is displayed in
Fig. 4(b). In this image, the dark blue (yellow) color corre-
sponds to a very low (high) value of the conductance signal.
We first notice that, although it is rather homogeneous on
the BLG substrate area, the conductance signal on the TMD
island shows strong variations on the nanometer length scale.
This is especially clear in the low-bias range (in the range
of ±200 mV), where the boundary of the dark blue region
can change by as much as 100 mV within <2 nm, but it
remains true for all biases. These spatial fluctuations in the
conductance signal reflect the changes in the TDOS which
arise from the disordered V : Pt occupancy of the metal sites
(which also give rise to the granular structure quoted above).
From the local variations of the contrast in the topographic
image of Fig. 4(a), we expect, following the discussion of
Figs. 3(b)–3(e), that the conductance should remain small at
low bias close to the island edge and at the end of the line. The
data of Fig. 4(a) agree with this expectation, showing a strong
reduction of the signal in an extended energy range for these
locations. We now discuss the existence of a hard gap in the
TMD 1L which corresponds to the dark blue region around
zero bias in Fig. 4(b).

Conductance spectra on different spots along the line are
shown in Figs. 4(c) and 4(d). To increase the signal-to-noise
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FIG. 4. Electronic structure of the Pt-rich samples for x = 0.33.
(a) Images of the edge of a monolayer transition metal dichalco-
genide (TMD) flake laying on a bilayer graphene (BLG) substrate
at high (Vs = 500 mV, left panel) and low (+100 mV, right panel)
sample bias. Image size: 7.3 × 20.0 nm2. (b) Conductance map built
from 164 spectra taken along the gray dashed line in (a). The setpoint
for the spectra is Vs = 500 mV and It = 200 pA. The bias range in
which a very low conductance (dark blue color) persists is much
more extended on the TMD than on the BLG. (c) and (d) Average
conductance spectra for selected regions along the spectroscopic line
shown in (b). The color of the spectra corresponds to the regions
indicated by horizontal bars on the zero-bias line in (b): gray is for
BLG and shades of blue for different spots on the TMD. (c) Spectra
displayed using a linear vertical scale (the curves are offset for
clarity). A broad U-shaped minimum with variable width is observed
at all locations on the TMD. (d) Same spectra displayed using a
logarithmic scale. This representation shows that the conductance is
vanishingly small in a finite range around zero bias on the TMD,
which corresponds to a hard gap. The noise level is evaluated on the
curve with the widest gap. Sample temperature: 8 K.

ratio, especially at low bias, we have averaged dI/dV curves
on segments of the line where the gap around zero bias (dark
blue region) was approximately constant (notice that this pro-
cedure would lead to a reduced apparent gap). Horizontal bars
with different colors indicate the location of those segments
in Fig. 4(b). The corresponding spectra, with the same color
code, are displayed in Fig. 4(c) on a linear vertical scale.
The curves are shifted vertically for clarity. On the BLG
substrate (gray line), we observe a V-shaped pseudogap with a
minimum at zero bias, as already reported [41–43]. Although
small, the conductance at V = 0 mV remains finite. The spec-
tra on the TMD (blue and purple lines) have a U shape at
low bias. The width of the minimum where the value of the
conductance is strongly depressed amounts to several tens of
millivolts. To demonstrate the presence of a hard gap around
zero bias on the TMD, we plot the logarithm of the dI/dV
signal [36] in Fig. 4(d). One notices that the conductance in-
deed reaches a vanishingly small value in a finite bias interval
straddling V = 0 mV. This establishes the presence of a local

gap on the TMD layer, with values ranging from 20 meV
(light blue curve) to 60 meV (purple curve). As expected, the
gap is larger in the region (purple segment) where the bright
grains turn dark at low bias in Fig. 4(a) (another illustration of
this effect is provided in Fig. S9 in the Supplemental Material
[23]). The gap is essentially symmetric with respect to zero
bias for the three segments shown in Figs. 4(c) and 4(d). From
the conductance map of Fig. 4(b) as well as from profiles
of the current at low bias (see Fig. S8 in the Supplemental
Material [23]), we conclude that a hard gap is present all
along the line in Fig. 4(a). All lines or grids of spectra we
have recorded on the V1−xPtxSe2 1L for x = 0.33 and 0.35
gave consistent results. We find a hard gap of a few tens of
millielectronvolts wide at all locations on the islands. This gap
is rather symmetrical around zero bias, and its width exhibits
significant variations (by a few tens of millielectronvolts) at
the nanometer length scale. These spatial variations are clearly
the spectroscopic counterpart of the granular structure of the
sample reported in Figs. 1 and 3.

We now address the possible origin of the hard gap ob-
served at EF for x = 0.33 and 0.35. It might be a one-electron
gap (a bandgap), such as the one found for 1L 1T -PtSe2 [44]
or 2H-MX 2 with M = Mo, W and X = S, Se [36], with an
additional smoothing by the disorder [45]. However, there
is no indication for a bandgap in ab initio calculations [22]
of ordered V1−xPtxSe2 alloys, neither for x = 0.35 nor for
neighboring values (x = 0.25 and 0.50). Moreover, even if
one assumes that a bandgap exists in this Pt concentration
range for a hypothetical ordered alloy, it is difficult to under-
stand how the fluctuations in composition would result in a
gap which remains centered at EF. We remind readers that
the composition fluctuates at the local scale (in the nanometer
range) within each sample and at the global scale between
the two samples with x = 0.33 and 0.35. This would lead to
strong local doping which shifts the Fermi level to one of
the band edges and even to a complete filling of the gap by
impurity states or by band tails due to the disorder [45]. We
thus consider the occurrence of a one-electron gap as unlikely.
The granular structure of the sample, which results from the
randomness in the occupancy of metal sites, as discussed
above, is probably a better starting point to grasp the nature
of the gap. Disorder alone is not expected to open a gap in an
otherwise gapless ordered parent material [45]. Considering
electron-electron interactions results in a significant depletion
of the TDOS at the Fermi level for disordered materials [46].
In their original form, the pioneering models proposed for 2D
systems do not lead to a hard gap around EF [47,48] but to a
pseudogap with at most a vanishing TDOS at zero bias only, at
variance with our observations (see Fig. 4). Nevertheless, our
experimental system is far from the ideal 2D case considered
in these models. In our samples, the disordered 2D TMD
layer is not freestanding, but it is in direct contact with the
conductive graphene plane. This specific configuration allows
for a direct transfer of the charges injected by the STM tip
in the V1−xPtxSe2 to the graphene plane, without the need
for a long-range transport of carriers within the TMD layer.
The direct path seems to be effective between TMD 1L and
graphene [49,50]. This perpendicular charge transfer process,
together with the granular aspect of the film, suggests an
alternative interpretation of the gap in terms of a Coulomb
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blockade-like effect [51–54]. Such a mechanism would be
consistent with the opening of a symmetric gap at EF. In this
scenario, electron tunneling takes place between the graphene
and the tip through the TMD layer. Within the TMD layer,
disorder would localize the low-energy electronic states which
are involved in the tunneling process to clusters of bright
grains of variable sizes. In the spots where the bright grains
are closely spaced [dashed circles in Figs. 1(c), 3(b), and S9
in the Supplemental Material [23]), such states would extend
over the whole dense area (this is over a few nanometers).
Conversely, in spots where the bright grains are further apart,
the states would remain localized on the individual grains, i.e.,
at the nanometer scale. A smaller Coulomb gap around zero
bias should show up in the dense areas because of the larger
capacitance related to the increased effective cluster size.
Under the localization hypothesis, the (dynamical) Coulomb
blockade-like effect would therefore lead to the presence of a
gap at EF, with a width varying in space (or locally) according
to the local density of bright grains. With this mechanism,
the development of a hard gap at zero bias requires that
the interfacial resistance between the grains (or clusters of
grains) and graphene remains significantly larger than the
quantum of resistance [53–55]. A recent report suggests that,
for molecules held by van der Waals interaction on graphene,
a double tunnel barrier describes adequately the STS results
[56]. Additionally, a significant resistance develops at the
interface between large (100 nm2) metallic Pb clusters weakly
bound to the graphene substrate [53,57]. Thus, the existence
of a large interfacial resistance between the clusters of grains
of V1−xPtxSe2 and graphene is a priori likely, which would
lead to the Coulomb blockade hard gap scenario discussed
above.

C. Scattering of graphene electrons at the edges of 1L
V1−xPtxSe2 islands for x > 0.3

To investigate further the Coulomb gap scenario, we have
tried to evaluate the interaction between the graphene sub-
strate and the V1−xPtxSe2 layer for x ≈ 0.35. How adjacent
layers mutually influence their electronic structure is anyway
a central issue in designing heterostructures based on 2D
materials. Although we are unable to probe the graphene layer
buried below the TMD layer by STM, we can estimate the im-
pact of the lateral graphene-TMD interface on the electronic
properties of the free (uncovered) material. Figure 5(a) shows
a conductance image of a large area of BLG surrounded by 1L
V0.67Pt0.33Se2 islands. The conductance on the free BLG sub-
strate is displayed in orange, whereas the signal on the TMD
layer is saturated (white). The inset presents the topographic
image of the area. The conductance map of Fig. 5(a) exhibits
ripples with a wavelength of ∼5 nm, which follow the edges
of the TMD layer. These ripples reflect the spatial modulations
of the local DOS (LDOS) of the BLG [43]. Their observation
and the fact that they are essentially parallel to the island
edges indicate that significant electron scattering takes place
at the graphene-TMD boundary. The long-wavelength LDOS
modulation of Fig. 5(a) corresponds to intravalley backscat-
tering in the BLG layer, as reported previously [43]. On the
BLG, this process only requires the presence of a potential
step at the boundary. This potential can vary slowly on the

FIG. 5. Interaction between the transition metal dichalcogenide
(TMD) and graphene for the Pt-rich sample (x = 0.33). (a) Con-
ductance signal (taken simultaneously with the topographic image
shown in the inset) on a free area of bilayer graphene (BLG) substrate
surrounded by 1L TMD islands. Image size: 150 × 55 nm2 (scale
bar: 20 nm), sample bias: +100 mV. The ripples on the BLG area
are a standing wave pattern whose wavelength is ∼5 nm. (b) Atomic
resolution (topographic) image on another free BLG area close to the
boundary with monolayer TMD islands. Image size: 18.0 × 9.0 nm2

(scale bar: 2.0 nm), sample bias: +100 mV. The pink rectangular box
and the blue oval indicate regions which display the (1 × 1) and the
�3 × �3R(30°) (R3 in brief) superstructure of BLG, respectively.
(c) Fourier transform of (b). The spots of the (1 × 1) and of the R3
superstructure of graphene are highlighted by color circles.

scale of the unit cell, since intravalley scattering implies only
a small wave vector transfer at the scale of the Brillouin zone.
However, atomic resolution images [see Fig. 5(b)] of the BLG
substrate taken close to the edge of 1L TMD islands reveal the
presence of a �3 × �3R(30°) (in short: R3) superstructure
extending a few nanometers away from the boundary. The R3
superstructure is also observed on single-layer graphene
(SLG), see Fig. S11 in the Supplemental Material [23]. Such
patterns involve intervalley scattering in SLG and BLG, which
requires a large change in the electronic wave vector [38]
and thus an atomically sharp potential. Indeed, the R3 super-
structure on graphene or graphite usually shows up around
chemisorbed atoms (such as H [58,59]), vacancies [58,60], or
flake edges [61,62], which correspond to strong perturbations
at the atomic scale. From these considerations, we infer that
the potential step at the TMD-graphene lateral interface must
vary on the length scale of the graphene unit cell. Evidence for
this atomically sharp scattering potential has been observed
for the two Pt-rich samples (see Fig. S10 in the Supplemental
Material [23] for the x = 0.35 sample). It is not present for the
more V-rich TMD layers for x = 0.07 and 0.21.

The presence of a potential step on the graphene layer at the
boundary between the free and the TMD-covered regions is,
of course, not surprising. However, the growth of VSe2 [12]
or PtSe2 [63] on graphene is supposed to take place by van
der Waals epitaxy, which is characterized by the absence of
strong covalent bonds between TMD and graphene [64,65].
Since the van der Waals interaction between the layers is
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rather long ranged (varying as an inverse power of distance
[66]), one would expect a rather smooth scattering potential
at the lateral TMD-graphene interface. For the same reason,
a potential step of electrostatic origin, due, for instance, to
a charge transfer between graphene and TMD, should vary
slowly at the scale of the unit cell. Thus, the basic features
of van der Waals epitaxy do not readily explain the existence
of the atomically sharp potential step at the lateral graphene-
V1−xPtxSe2 interface. Our data thus suggest that, for x ≈ 0.35,
the interaction between graphene and V1−xPtxSe2 might be
stronger than expected for a van der Waals heterostructure.
The disorder might play a role in this effect, although its
characteristic length scale (at least 1 nm from STM images) is
again significantly larger than the graphene lattice parameter.
A significant coupling between the TMD and the underlying
graphene layer may seem inconsistent with the large interfa-
cial resistance required to open a hard gap in the Coulomb
blockade mechanism invoked above. Notice however that,
from our measurements, we cannot discriminate between a
strong interaction taking place below the whole TMD flakes
or limited only to the island edges. Moreover, the analysis of
the electronic structure of the free graphene layer does not
provide a quantitative estimate of the coupling strength below
the TMD islands. Clearly, this point would deserve further
investigations.

III. CONCLUSIONS

We have analyzed the atomic and electronic structure of
1L of V1−xPtxSe2 alloy deposited on epitaxial graphene in
the composition range 0.07 < x < 0.35 by means of low-

temperature STM. For the lowest Pt content (x = 0.07 and
0.21), we find that the superstructure characteristic of the
CDW state of the pure VSe2 1L is preserved in small domains
with a diameter of only a few nanometers. Thus, alloying
destroys the long-range order of the CDW phase but preserves
the short-range order. For higher Pt content x ≈ 0.35, a more
homogeneous alloy forms, although it presents a nanometer-
scale granular structure. This disorder arises from the random
substitution of Pt atoms on the metal sites, which induces
sizable fluctuations of the STM contrast and of the electronic
properties at the nanometer scale. Noticeably, it presents a
hard gap a few tens of millielectronvolts wide, which seems
to be correlated with the local fluctuations of composition. We
tentatively ascribe this gap to charging effects, although other
mechanisms cannot be ruled out. Finally, our measurements
have revealed the presence of strong electron scattering on
the uncovered graphene layers at the boundaries with the
V1−xPtxSe2 islands for x ≈ 0.35. Such scattering is unex-
pected from the basic characteristics of van der Waals epitaxy,
and it suggests a significant graphene-TMD coupling at least
on the island edges. Anyway, such scattering may be detri-
mental for devices where charge transport across the lateral
TMD-graphene interfaces plays a central role, and the pres-
ence of this effect should be evaluated carefully.

ACKNOWLEDGMENTS

The authors acknowledge the financial support from the
French Agence Nationale de la Recherche (ANR) project
MAGICVALLEY (ANR-18-CE24-0007). The STM/STS data
were processed using the WSXM software [67].

[1] C. Gong, L. Li, Z. Li, H. Ji, A. Stern, Y. Xia, T. Cao, W. Bao,
C. Wang, Y. Wang et al., Nature (London) 546, 245 (2017).

[2] B. Huang, G. Clark, E. Navarro-Moratalla, D. R. Klein, R.
Cheng, K. L. Seyler, D. Zhong, E. Schmigdall, M. A. McGuire,
D. H. Cobden et al., Nature (London) 546, 270 (2017).

[3] M. Och, M.-B. Martin, B. Dlubak, P. Seneor, and C. Mattevi,
Nanoscale 13, 2157 (2021).

[4] X. Jiang, Q. Liu, J. Xing, N. Liu, Y. Guo, Z. Liu, and J. Zhao,
Appl. Phys. Rev. 8, 031305 (2021).

[5] Y. Li Huang, W. Chen, and A. T. S. Wee, SmartMat. 2, 139
(2021).

[6] B. Huang, M. A. McGuire, A. F. May, D. Xiao, P. Jarillo-
Herrero, and X. Xu, Nat. Mater. 19, 1276 (2020).

[7] F. Li, K. Tu, and Z. Chen, J. Phys. Chem. C 118, 21264 (2014).
[8] Z. I. Popov, N. S. Mikhaleva, A. A. Kuzubov, S. Entani, H.

Naramoto, S. Sakai, P. B. Sorokin, and P. V. Avramov, Phys.
Chem. Chem. Phys. 18, 33047 (2016).

[9] M. Esters, R. G. Hennig, and D. C. Johnson, Phys. Rev. B 96,
235147 (2017).

[10] T. J. Kim, S. Ryee, M. J. Han, and S. Choi, 2D Mater. 7, 035023
(2020).

[11] H.-R. Fuh, C.-R. Chang, Y.-K. Wang, R. F. L. Evans, R. W.
Chantrell, and H.-T. Jeng, Sci. Rep. 6, 32625 (2016).

[12] M. Bonilla, S. Kolekar, Y. Ma, H. C. Diaz, V. Kalappattil, R.
Das, T. Eggers, H. R. Guttierez, M.-H. Phan, and M. Batzill,
Nat. Nanotechnol. 13, 289 (2018).

[13] J. Feng, D. Biswas, A. Rajan, M. D. Watson, F. Mazzola, O.
J. Clark, K. Underwood, I. Markovic, M. McLaren, A. Hunter
et al., Nano Lett. 18, 4493 (2018).

[14] P. M. Coelho, K. N. Cong, M. Bonilla, S. Kolekar, M.-H. Phan,
J. Avila, M. C. Asensio, I. I. Oleynic, and M. Batzill, J. Phys.
Chem. C 123, 14089 (2019).

[15] A. O. Fumega, M. Gobbi, P. Dreher, C. Gonzalez-Orellana, M.
Pena-Diaz, C. Rogero, J. Herrero-Martin, P. Gargiani, M. Ilyn,
M. M. Ugeda et al., J. Phys. Chem. C 123, 27802 (2019).

[16] P. K. J. Wong, W. Zhang, F. Bussolotti, X. Yin, T. S. Herng,
L. Zhang, Y. L. Huang, G. Vinai, S. Krishnamurthi, D. W.
Bukhvalov et al., Adv. Mater. 31, 1901185 (2019).

[17] R. Chua, J. Yang, X. He, X. Yu, W. Yu, F. Bussolotti, P. K. J.
Wong, K. P. Loh, M. B. H. Breese, K. E. J. Goh et al., Adv.
Mater. 32, 2000693 (2020).

[18] W. Yu, J. Li, T. S. Herng, Z. Wang, X. Zhao, X. Chi, W. Fu, I.
Abdelwahab, J. Zhou, J. Dan et al., Adv. Mater. 31, 1903779
(2019).

[19] S. J. Yun, D. L. Duong, D. M. Ha, K. Singh, T. L. Phan, W.
Choi, Y.-M. Kim, and Y. H. Lee, Adv. Sci. 7, 1903076 (2020).

[20] Y. T. H. Pham, M. Liu, V. Ortiz Jimenez, Z. Yu, V. Kalappattil,
F. Zhang, K. Wang, T. Williams, M. Terrones, and M.-H. Phan,
Adv. Mater. 32, 2003607 (2020).

[21] U. Chatterjee, J. Zhao, M. Iavarone, R. Di Capua, J. P. Castellan,
G. Karapetrov, C. D. Malliakas, M. G. Kanatzidis, H. Claus, J.
P. C. Ruff et al., Nat. Commun. 6, 6313 (2015).

075432-8

https://doi.org/10.1038/nature22060
https://doi.org/10.1038/nature22391
https://doi.org/10.1039/D0NR07867K
https://doi.org/10.1063/5.0039979
https://doi.org/10.1002/smm2.1031
https://doi.org/10.1038/s41563-020-0791-8
https://doi.org/10.1021/jp507093t
https://doi.org/10.1039/C6CP06732H
https://doi.org/10.1103/PhysRevB.96.235147
https://doi.org/10.1088/2053-1583/ab8b48
https://doi.org/10.1038/srep32625
https://doi.org/10.1038/s41565-018-0063-9
https://doi.org/10.1021/acs.nanolett.8b01649
https://doi.org/10.1021/acs.jpcc.9b04281
https://doi.org/10.1021/acs.jpcc.9b08868
https://doi.org/10.1002/adma.201901185
https://doi.org/10.1002/adma.202000693
https://doi.org/10.1002/adma.201903779
https://doi.org/10.1002/advs.201903076
https://doi.org/10.1002/adma.202003607
https://doi.org/10.1038/ncomms7313


ALLOYING TWO-DIMENSIONAL VSe2 WITH Pt: … PHYSICAL REVIEW B 106, 075432 (2022)

[22] E. Vélez-Fort, A. Hallal, R. Sant, T. Guillet, K. Abdukayumov,
A. Marty, C. Vergnaud, J.-F. Jacquot, D. Jalabert, J. Fujii et al.,
ACS Appl. Electron. Mater. 4, 259 (2022).

[23] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevB.106.075432 for details on the sample prepa-
ration, STM measurements, and additional experimental data.

[24] G. Duvjir, B. K. Choi, I. Jang, S. Ulstrup, S. Kang, T. T. Ly, S.
Kim, Y. H. Choi, C. Jozwiak, A. Bostwick et al., Nano Lett. 18,
5432 (2018).

[25] G. Chen, S. T. Howard, A. B. Maghirang III, K. N. Cong, R.
A. B. Villaos, L.-Y. Feng, K. Cai, S. C. Ganguli, W. Swiech, E.
Morosan et al., Phys. Rev. B 102, 115149 (2020).

[26] C. J. Arguello, S. P. Chockalingam, E. P. Rosenthal, L. Zhao,
C. Guttiérez, J. H. Kang, W. C. Chung, R. M. Fernandes, S. Jia,
A. J. Millis et al., Phys. Rev. B 89, 235115 (2014).

[27] B. Hildebrand, T. Jaouen, C. Didiot, E. Razzoli, G. Monney,
M.-L. Mottas, A. Ubaldini, H. Berger, C. Barreteau, H. Beck
et al., Phys. Rev. B 93, 125140 (2016).

[28] W. Wan, D. Wickramaratne, P. Dreher, R. Harsh, I. I. Mazin,
and M. M. Ugeda, Adv. Mater. 34, 2200492 (2022).

[29] W. L. McMillan, Phys. Rev. B 16, 643 (1977).
[30] C. M. Varma and A. L. Simons, Phys. Rev. Lett. 51, 138 (1983).
[31] K. Rossnagel, J. Phys. Condens. Matter. 23, 213001 (2011).
[32] C. van Efferen, J. Berges, J. Hall, E. van Loon, S. Kraus, A.

Schobert, T. Wekking, F. Huttmann, E. Plaar, N. Rothenbach
et al., Nat. Commun. 12, 6837 (2021).

[33] P. Chen, W. W. Pai, Y.-H. Chan, V. Madhavan, M. Y. Chou,
S.-K. Mo, A.-V. Fedorov, and T.-C. Chiang, Phys. Rev. Lett.
121, 196402 (2018).

[34] Y. Umemoto, K. Sugarawa, Y. Nakata, T. Takahashi, and T.
Sato, Nano. Res. 12, 165 (2019).

[35] J. He, Q. Xie, and G. Xu, New J. Phys. 23, 023027 (2021).
[36] M. M. Ugeda, A. J. Bradley, S.-F. Shi, F. H. da Jornada, Y.

Zhang, D. Y. Qiu, W. Ruan, S.-K. Mo, Z. Hussain, Z.-X. Shen
et al., Nature Mater. 13, 1091 (2014).

[37] C. Zhang, C. Wang, F. Yang, J.-K. Huang, L.-J. Li, W. Yao, W.
Ji, and C.-K. Shih, ACS Nano 13, 1595 (2019).

[38] H. Zheng, Y. Choi, F. Baniasadi, D. Hu, L. Jiao, K. Park, and C.
Tao, 2D Mater. 6, 041005 (2019).

[39] P. Mallet, F. Chiapello, H. Okuno, H. Boukari, M. Jamet, and
J.-Y. Veuillen, Phys. Rev. Lett. 125, 036802 (2020).

[40] P. Mallet, F. Varchon, C. Naud, L. Magaud, C. Berger, and J.-Y.
Veuillen, Phys. Rev. B 76, 041403(R) (2007).

[41] P. Lauffer, K. V. Emtsev, R. Graupner, Th. Seyller, L. Ley, S. A.
Reshanov, and H. B. Weber, Phys. Rev. B 77, 155426 (2008).

[42] G. M. Rutter, S. Jung, N. N. Klimov, D. B. Newell, N. B.
Zhitenev, and J. A. Stroscio, Nature Phys. 7, 649 (2011).

[43] P. Mallet, I. Brihuega, S. Bose, M. M. Ugeda, J. M. J. Gómez-
Rodríguez, K. Kern, and J.-Y. Veuillen, Phys. Rev. B 86, 045444
(2012).

[44] Y. Wang, L. Li, W. Yao, S. Song, J. T. Sun, J. Pan, X. Ren,
C. Li, E. Okunishi, Y.-Q. Wang et al., Nano Lett. 15, 4013
(2015).

[45] B. Kramer and A. MacKinnon, Rep. Prog. Phys. 56, 1469
(1993).

[46] P. A. Lee and T. V. Ramakrishnan, Rev. Mod. Phys. 57, 287
(1985).

[47] A. L. Efros and B. I. Shklovskii, J. Phys. C: Solid State Phys. 8,
L49 (1975).

[48] B. L. Altshuler, A. G. Aronov, and P. A. Lee, Phys. Rev. Lett.
44, 1288 (1980).

[49] J. He, N. Kumar, M. Z. Bellus, H.-Y. Chiu, D. He, Y. Wang, and
H. Zhao, Nature Comm. 5, 5622 (2014).

[50] T. G. Park, B. K. Choi, J. Park, J. Kim, Y. J. Chang, and F.
Rotermund, ACS Nano 15, 7756 (2021).

[51] A. E. Hanna and M. Tinkham, Phys. Rev. B 44, 5919(R) (1991).
[52] R. Berthe and J. Halbritter, Phys. Rev. B 43, 6880 (1991).
[53] C. Brun, K. H. Müller, I-Po Hong, F. Pattney, C. Flindt, and

W.-D. Schneider, Phys. Rev. Lett. 108, 126802 (2012).
[54] F. Ming, T. S. Smith, S. Johnston, P. C. Snijders, and H. H.

Weitering, Phys. Rev. B 97, 075403 (2018).
[55] M. H. Devoret, D. Esteve, H. Grabert, G.-L. Ingold, H. Pothier,

and C. Urbina, Phys. Rev. Lett. 64, 1824 (1990).
[56] M. Bouatou, S. Mondal, C. Chacon, F. Joucken, Y. Girard,

V. Repain, A. Bellec, S. Rousset, S. Narasimhan, R. Sporken
et al., Nano Lett. 20, 6908 (2020).

[57] V. Cherkez, P. Mallet, T. Le Quang, L. Magaud, and J.-Y.
Veuillen, Phys. Rev. B 98, 195441 (2018).

[58] P. Ruffieux, M. Melle-Franco, O. Gröning, M. Bielmann, F.
Zerbetto, and P. Gröning, Phys. Rev. B 71, 153403 (2005).

[59] H. González-Herrero, J. Gómez-Rodríguez, P. Mallet, M.
Moaied, J. J. Palacios, C. Salgado, M. M. Ugeda, J. Y. Veuillen,
F. Yndurain, and I. Brihuega, Science 352, 437 (2016).

[60] M. M. Ugeda, I. Brihuega, F. Guinea, and J. M. Gómez-
Rodríguez, Phys. Rev. Lett. 104, 096804 (2010).

[61] H. Yang, A. J. Mayne, M. Boucherit, G. Comtet, G. Dujardin,
and Y. Kuk, Nano Lett. 10, 943 (2010).

[62] A. Mahmood, P. Mallet, and J.-Y. Veuillen, Nanotechnology 23,
055706 (2012).

[63] M. Yan, E. Wang, X. Zhou, G. Zhang, H. Zhang, K. Zhang,
W. Yao, N. Lu, S. Yang, S. Wu et al., 2D Mater. 4, 045015
(2017).

[64] A. Koma, Thin. Solid. Films 216, 72 (1992).
[65] L. A. Walsh and C. L. Hinkle, Appl. Mater. Today 9, 504 (2017).
[66] N. W. Ashcroft and N. D. Mermin, Solid State Physics

(Saunders College Publishing, Harcourt College Publishers,
Philadelphia, 1976).

[67] I. Horcas, R. Fernandez, J. M. Gómez-Rodríguez, J. Colchero,
J. Gómez-Herrero, and A. M. Baro, Rev. Sci. Instrum. 78,
013705 (2007).

075432-9

https://doi.org/10.1021/acsaelm.1c00992
http://link.aps.org/supplemental/10.1103/PhysRevB.106.075432
https://doi.org/10.1021/acs.nanolett.8b01764
https://doi.org/10.1103/PhysRevB.102.115149
https://doi.org/10.1103/PhysRevB.89.235115
https://doi.org/10.1103/PhysRevB.93.125140
https://doi.org/10.1002/adma.202200492
https://doi.org/10.1103/PhysRevB.16.643
https://doi.org/10.1103/PhysRevLett.51.138
https://doi.org/10.1088/0953-8984/23/21/213001
https://doi.org/10.1038/s41467-021-27094-x
https://doi.org/10.1103/PhysRevLett.121.196402
https://doi.org/10.1007/s12274-018-2196-4
https://doi.org/10.1088/1367-2630/abdfef
https://doi.org/10.1038/nmat4061
https://doi.org/10.1021/acsnano.8b07595
https://doi.org/10.1088/2053-1583/ab3beb
https://doi.org/10.1103/PhysRevLett.125.036802
https://doi.org/10.1103/PhysRevB.76.041403
https://doi.org/10.1103/PhysRevB.77.155426
https://doi.org/10.1038/nphys1988
https://doi.org/10.1103/PhysRevB.86.045444
https://doi.org/10.1021/acs.nanolett.5b00964
https://doi.org/10.1088/0034-4885/56/12/001
https://doi.org/10.1103/RevModPhys.57.287
https://doi.org/10.1088/0022-3719/8/4/003
https://doi.org/10.1103/PhysRevLett.44.1288
https://doi.org/10.1038/ncomms6622
https://doi.org/10.1021/acsnano.1c01723
https://doi.org/10.1103/PhysRevB.44.5919
https://doi.org/10.1103/PhysRevB.43.6880
https://doi.org/10.1103/PhysRevLett.108.126802
https://doi.org/10.1103/PhysRevB.97.075403
https://doi.org/10.1103/PhysRevLett.64.1824
https://doi.org/10.1021/acs.nanolett.0c03030
https://doi.org/10.1103/PhysRevB.98.195441
https://doi.org/10.1103/PhysRevB.71.153403
https://doi.org/10.1126/science.aad8038
https://doi.org/10.1103/PhysRevLett.104.096804
https://doi.org/10.1021/nl9038778
https://doi.org/10.1088/0957-4484/23/5/055706
https://doi.org/10.1088/2053-1583/aa8919
https://doi.org/10.1016/0040-6090(92)90872-9
https://doi.org/10.1016/j.apmt.2017.09.010
https://doi.org/10.1063/1.2432410

