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Observation of Electronic Strong Correlation in VTe,-2v/3 x 21/3 Monolayer
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Strong electron correlation under two-dimensional limit is intensely studied in the transition metal
dichalcogenides monolayers, mostly within their charge density wave (CDW) states that host a star of David
period. Here, by using scanning tunneling microscopy and spectroscopy and density functional theory
calculations with on-site Hubbard corrections, we study the VTe, monolayer with a different 21/3 x 21/3
CDW period. We find that the dimerization of neighboring Te-Te and V-V atoms occurs during the CDW
transition, and that the strong correlation effect opens a Mott-like full gap at Fermi energy (Eg). We further
demonstrate that such a Mott phenomenon is ascribed to the combination of the CDW transition and on-site
Coulomb interactions. Our work provides a new platform for exploring Mott physics in 2D materials.
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Strong correlation effect has been studied extensively for
decades owing to derived exotic quantum phenomena such
as high-T. superconductor, Mott insulator, and quantum
spin liquid [1-5]. 17-Ta$S, is one of the widely studied Mott
insulators [6,7]. The CDW state in 17-TaS,, namely the

V13 x /13 star of David, facilitates a Mott insulator
transition [6,8]. Recently, much attention has been paid to
the group-VB transition metal dichalcogenide (TMD)
monolayers [9-14], in which a similar CDW period and
strong correlation effect were observed. For instance, the
17-TaSe, and 17-NbSe, monolayers have been reported as
a Mott insulator or charge transfer insulator [9-14]. When
constructing heterojunction with their metallic 1 H counter-
parts, the signature of quantum spin liquids was also
observed via Kondo resonance [11-13].

The common feature for these group-VB strong corre-
lation monolayers is that the Mott phase is accompanied by
the CDW transition with a star of David period [6,10,15]
hosting an odd number of d electrons per unit cell. Within a
star of David unit, 12 electrons form six fully occupied
bands and the remaining one forms a half-filled band near
Er [6,8]. The CDW period narrows the bandwidth and thus
the otherwise half-filled metallic band opens a Mott or
charge transfer gap. VTe, is another group-VB TMD
material, where the V atom has the 3d' orbital [16-23].
Unlike the TaS, or NbSe, monolayer, the CDW unit cell of

VTe, monolayer, e.g., 2v/3 x 21/3, nominally hosts an
even number of d electrons [21]. The above-mentioned
Mott transition model seems not applicable to VTe,. Strong
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correlation effect has never been reported in VTe, mono-
layer to date.

In this Letter, we used scanning tunneling microscopy
and spectroscopy (STM/STS) to investigate the VTe,

21/3 x 2+/3 monolayer. Our experimental results point to
the conclusion that it exhibits the strong correlation effect
that opens a Mott gap at Eg, as verified by the electron
doping spectral weight evolution and density functional
theory (DFT) calculations with on-site Hubbard corrections.
The CDW transition accompanied by the dimerization of
Te-Te atoms and V-V atoms significantly reduces the band-
width, and the on-site Coulomb interactions lead to the
opening of a full energy gap at Ep.

In the epitaxial VTe, monolayer on the bilayer graphene
(BLG)/SiC substrate, two different CDW states with
2v/3 x 24/3 and 4 x 4 orders usually coexist [20,21,23].
The proportion of 2v/3 x 21/3 can be dominantly increased
via tuning the epitaxy temperature (see Figs. S1 and S2 in
the Supplemental Material [24]). Figures 1(a)-1(c) show
the atomically resolved STM images of the VTe, 24/3 x
24/3 monolayer. The 2v/3 x 2+/3 supercell is composed of
the truncated triangle-shaped clusters formed by 12 V
atoms. As illustrated in Fig. 1(c), the topmost Te atoms can
be classified into four groups, as labeled by A, B, C, and D.
Through overlaying an ideal 1 x 1 Te lattice on top of the
image, it is found that every two neighboring B-type Te
atoms move closer to form a Te-Te dimer, as marked by the
ellipses in Figs. 1(b) and 1(c). Our DFT calculation
optimized structure of the 2\/§ X 2\/§ CDW state, as
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FIG. 1.

(d)

(a) Atomically resolved STM image (9 x 9 nm?) taken on the 2v/3 x 2v/3 VTe, monolayer. U = +17 mV, I, = 100 pA.

Inset: Fast Fourier transform (FFT) image. The blue and red circles mark the Bragg and CDW vectors, respectively. (b) Atomically
resolved STM image (5 x 5 nm?) taken on the VTe, monolayer. U = —30 mV, I, = 100 pA. The black ellipses enclose the Te-Te
dimers. (c) Enlargement of an image of (b) with an overlaid ideal atomic lattice. In atomic model of VTe, monolayer, the top Te atoms
and middle V atoms are labeled by brown and blue balls, while the bottom Te atoms are not shown for clarity. The black lines mark the
truncated triangle-shaped clustered structures of the 2v/3 x 24/3 CDW period. The colored circles (red, orange, blue, and black) mark
the four groups of topmost Te atoms (A, B, C, and D) within a CDW supercell. (d) DFT calculated 21/3 x 24/3 CDW phase of VTe,
monolayer. The bond lengths between Te atoms and V atoms are labeled by / and /'.

shown in Fig. 1(d), is consistent with the experimentally
observed Te-Te dimerization. Within the calculated CDW
supercell, the distance (/) between two neighboring B-type
Te atoms is decreased by ~4%, and the same as that (/')
between the underlying V atoms surrounded by three Te-Te
dimers.

Figure 2(a) shows a typical differential conductance
(d1/dV) spectrum taken on the VTe, 24/3 x 2/3 mono-
layer, in which four characteristic peaks are identified
as marked by V,, V,, C;, and C,. Small-range dl/dV
spectrum, Fig. 2(b), indicates a full gap is opened between
V, and C;, with a zero conductance at Eg. This gap is
persistent at least up to room temperature. In contrast, the
spectral intensity of the dip at ~—270 mV shows a
prominent temperature dependence, and becomes gradu-
ally smeared out as temperature increases (see Fig. S3
in the Supplemental Material [24]). Moreover, the topo-
graphic images and dI/dV maps taken on the two sides of
the dip show an opposite contrast (see Figs. S4 and S5 in
the Supplemental Material [24]), suggesting its CDW
origin [31].

Now we focus on the mysterious zero-conductance gap
at Eg. To characterize the electronic structure in detail, we
measured the position-dependent STS spectra within a
CDW supercell. Figure 2(c) displays a series of dl/dV
spectra taken at different positions within the truncated
triangle-shaped cluster. The dI/dV spectra taken at C (blue
curve) and D (black curve) show higher intensities of V;
and C, than at A (red curve) and B (orange). At the expense
of decreased V; and C; peaks, there emerges a prominent
state at positions A and B, namely the in-gap state (IGS).
The IGS is located at ~ + 90 mV, right between V; and C;.
The reduced intensity at C; and V; and enhanced one at
IGS indicate a spectral weight transfer within a CDW
supercell. The spatially resolved spectra taken across a few
CDW supercells, Fig. 2(d), show more clearly the periodic
variation in the dI/dV intensity. For clarity, in Fig. 2(e) are

plotted three line-cut profiles taken at C;, V;, and IGS, to
present their antiphase variations. According to the dI/dV
maps (see Fig. S6 in the Supplemental Material [24]), the
states near Ep are localized at the center of truncated
triangle-shaped cluster, while those near C; and V, are
mainly distributed at the periphery.

We deposited potassium (K) atoms onto the VTe,
monolayer to explore the electron doping induced spectral
weight transfer. As shown in Fig. 3(a), K atoms prefer to
adsorb on the hollow site surrounded by three Te atoms
(one type A and two type B). Figure 3(b) shows the dl/dV
spectrum taken on the K-occupied hollow site. For
comparison, the spectrum taken on the same site of pristine
surface is also plotted. The Fermi level is shifted upward
after K atom adsorption, indicating an effective electron
doping. Moreover, the spectral intensity at C; and V; is
decreased, and meanwhile a similar IGS becomes obvious,
together with a finite spectral conductance at Eg. This
phenomenon is somehow similar to the intracell results of
Fig. 2(c). The dlI/dV spectra taken away from the K atoms,
particularly on the C/D position, are plotted in Fig. 3(c).
The gradual shift of Fermi level suggests an effective
electron doping away from the K atoms. With the increas-
ing K coverage, the IGS, as marked by the black triangle,
gradually appears and grows with a simultaneously sup-
pressed C; and V; intensity. At the K coverage of
~0.33 ML (I ML is defined as one K atom per CDW
unit cell), a finite conductance is observable at Eg. Such a
spectral weight transfer is reminiscent of a Mott gap
evolution upon electron doping [32-35]. In fact, it is
one of the hallmarks for the strong correlation gap as
described by the Hubbard model [36,37].

In order to further verify the strong correlation effect, we
performed DFT + U calculations. The calculations based
on the nonmagnetic state better reproduce the experimental
results, and this has also been demonstrated in similar
systems [38,39]. Thus in the following discussions, we
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FIG. 2. (a) Typical dI/dV spectrum taken on the 2+/3 x
21/3 VTe, monolayer, showing four characteristic peaks as labe-
led by V| (~ — 125 mV), V; (~ —460 mV), C; (~ + 220 mV),
and C, (~ + 480 mV), respectively. U=+300mV, I, = 200 pA.
(b) Small-range dI/dV spectrum showing a full gap feature near
Fermi energy (Eg). The dI/dV intensity is completely suppressed
to zero at Eg. U = +200 mV, I, = 200 pA. (c) dI/dV spectra
taken at positions of A, B, C, and D within a CDW supercell.
U = 4300 mV, I, = 200 pA. The black arrow marks the posi-
tion of the IGS that is localized at the A position. Inset: Atomic
model of the top Te atoms with the colored balls (red, orange,
blue, and black) representing the positions (A, B, C, and D) of the
top Te atoms, as defined in Fig. 1. (d) Spatially resolved dI/dV
spectra taken along the black arrowed line in the upper panel
image. U = +300 mV, I, =200 pA. (e) Line-cut profiles ex-
tracted at three bias voltages as marked by the three colored
triangles in (d).

mainly focus on the nonmagnetic state. Figure 4(a) shows
the calculated band structure and density of states (DOS) of
the prototype VTe, monolayer without a CDW transition.
The electron bands crossing the Fermi level are contributed
mainly by the V 3d orbitals and barely by the Te 5p
orbitals, and disperse over a large energy range (over 1 eV).
Regardless of whether the Hubbard U is included or not, the
prototype 1T-VTe, monolayer remains metallic with a
peak in the DOS near Ex. When the CDW transition to the
2\/§ X 2\/§ period occurs, the electronic structure near Eg
is dramatically changed, making the valence bands much
localized. Figure 4(b) shows the calculated results for the
CDW state with Te-Te and V-V dimerization but without U.
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FIG. 3. (a) STM topographic image (12 x 12 nm?) taken on

the 21/3 x 21/3 VTe, monolayer with a low K coverage. The
2v/3 x 24/3 CDW order is persistent and clearly identifiable.
The center of each adsorbed K atom is marked with a gray ball.
More topographic images taken at various K coverages can be
found in Fig. S7 in the Supplemental Material [24]. (b) dI/dV
spectra taken on the K-occupied site (the hollow site between
position A and B) at ~0.11 ML and the equivalent site
on the pristine VTe, surface, respectively. U = +300 mV,
I, =200 pA. (c) dI/dV spectra taken on the positions of
C/D that are away from the K-occupied sites at various K
coverages. U = +300 mV, I, =200 pA. The positions of C,;
and IGS are marked by the vertical short lines and triangles,
respectively. The K coverage is defined as the number of
potassium atoms per CDW supercell.

The bandwidth is instead drastically narrowed down to
~0.2 eV, which is possibly due to the dimerization of V
atoms and Te atoms. Two DOS dips of finite intensities are
mainly formed and located at ~ —220 meV and Eg,
respectively. These DOS changes can be ascribed to the
CDW transition. The calculated dip at ~ — 220 meV is
consistent with the experimental STS dip at ~ — 270 mV,
thus further supporting its CDW origin. However, in
contrast with experiment, the present system remains
metallic without opening a full gap at Eg. Surprisingly,
with the inclusion of U in the CDW state, a full gap can be
opened. Figure 4(c) shows the calculated band structures
for U =2 eV. The band gap is quantitatively consistent
with our experimental results. Therefore, we conclude that
the observed full energy gap is a Mott gap. The spectral
weight transferred away from the gap region forms the
namely upper and lower Hubbard bands.

Without the CDW transition, the prototype VTe, mono-
layer is always kept metallic, and an energy gap can be only
opened in the 2\/§ X 2\/§ CDW state if including Hubbard
U. Therefore, it is indicated that the CDW transition plays
an essential role in initiating the Mott gap opening.
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FIG. 4.

(a) DFT-calculated band structures of the prototype 1T phase of VTe, monolayer, at U = 0 eV, in the nonmagnetic state. (b),

(¢) Band structures of the 21/3 x 2v/3 CDW phase of VTe, monolayers in the nonmagnetic state without and with U corrections. The
lower panels of (a)—(c) are the corresponding DFT-calculated DOS results.

We emphasize that the Mott physics in VTe, 2v/3 x 21/3
monolayer is different from the widely explored other
group-VB TMD monolayers, such as TaS,, TaSe,, and
NbSe,. In those materials, the star of David structure hosts
an odd number (13) of metal atoms per CDW supercell and
an isolated half-filled narrow band. Such mechanism

evidently does not apply for the VTe, 2v/3 x 21/3 mono-

layer, since each 2\/§ X 2\/§ CDW supercell hosts an even
number (12) of V atoms. In general, the U for the V-3d
orbital is expected to be larger than that for the 4d or 5d
orbitals [30]. But the bandwidth of the prototype VTe,
monolayer is as large as ~1 eV, according to our calcu-
lation. The effective Coulomb interaction U/W is not
sufficiently large to exhibit a strong correlation effect. In

the 2v/3 x 24/3 state, the bandwidth is drastically narrowed
to ~0.2 eV, possibly due to the CDW driven distortion of
V—V bonds (dimers), and the effective U/W is thus
enhanced. Since the Te dimerization is usually accompa-
nied with an intraunit cell charge transfer [40-44], it is also

possible that a charge transfer occurs within the VTe, 2v/3 x

2\/§ CDW supercell, from the Te-dimer 5p orbital to the
V 3d orbital or undimerized Te orbitals [40-44]. Such an
intraunit cell charge transfer can well explain that the
spectral weight transfer within the CDW unit is analogous
with that induced by K electron doping.

In summary, we unveiled that the VTe, 243 x 24/3
monolayer exhibits a strong correlation effect and opens a
Mott-like gap at Ep. Besides the widely studied star of
David structure with an odd number of d electrons, this
work paves a new avenue to exploring the strong corre-
lation effect in a more extended family of 2D materials.
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