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Melting of charge density wave and Mott gap collapse on 17 -TaS, induced by interfacial water
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Microscopically revealing the interactions between interfacial water and the quantum states of matter is an
important task from both the materials science and the physics points of view. Here we report a low-temperature
scanning tunneling microscopy (STM) and spectroscopy study of water adsorption on the charge density wave
compound 17-TaS,, which has a Mott-insulating ground state. Interfacial water forms monolayer islands with
6 x 6 superstructures on the surface of 17-TaS,, and the charge order under water islands can be directly imaged
in STM topographies taken with negative bias voltages. Compared with the original +/13 x /13 charge order in
1T-TaS,, the charge order under water islands becomes significantly disordered and denser. A V-shaped gaplike
feature emerges in water-covered 17-TaS,, which may be due to the enhanced dielectric constant of interfacial
water, which reduces short-range Coulomb repulsion and induces Mott gap collapse. Our observations open
the way to microscopically understanding the interactions between interfacial water and the correlated quantum

states of matter.
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Interfacial water not only plays an important role in many
fundamental phenomena such as heterogeneous catalysis,
electrochemistry, and corrosion [1,2], but also has significant
influence on the properties of solid materials. For exam-
ple, it has been found that interfacial water modulates the
electronic properties of two-dimensional materials [3]. More
interestingly, the superconducting transition temperatures (7;)
of many unconventional superconductors strongly depend on
the interactions with interfacial water: (i) the 7. of cuprate
superconductors can be significantly degraded by interaction
with water [4]; (ii) water can enhance the T, of iron-based
superconductors [5]; and (iii) water plays a critical role in
the superconducting properties of hydrated materials, such as
NaxCoO, - yH,O [6]. However, the precise roles of interfacial
water in the superconducting and correlated electronic states
of materials remain mysterious.

The scanning probe microscope (SPM) has proved to be
an important tool for studying interfacial/surface water and
can reach a submolecular resolution [2,7-11]. However, be-
cause most SPM studies focus on characterizing the atomic
structures and the dynamic behaviors of water clusters on
surfaces [2,8,9,12,13], it has not been possible so far to
microscopically reveal the influences of interfacial water on
the correlated quantum states of matter.
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Here we use low-temperature scanning tunneling mi-
croscopy (STM) and spectroscopy (STS) to study the in-
fluences of interfacial water on the electronic states of a
charge density wave (CDW) compound with a Mott-insulating
ground state, 17-TaS, [Fig. 1(a)]. 17-TaS, has attracted
great interest because of its rich electronic phases such as
the CDW [14-16], the Mott-insulating state [17-19], super-
conductivity [20], and quantum spin-liquid behaviors [21].
Below 180 K, 17-TaS, enters a commensurate charge den-
sity wave (C-CDW) state with a +/13 x +/13 superlattice
[Fig. 1(b)], where the displacement of the atoms leads to
the formation of “Star of David” clusters [inset in Fig. 1(b)]
[15]. The C-CDW state can either be viewed as a triple
CDW, or in terms of a polaron picture, it can be treated as
hexagonally packed localized polarons which are formed by a
central Ta atom surrounded by 12 Ta atoms displaced toward
it [15,22].

High-quality single crystals of 17-TaS, were grown by
the chemical vapor transport method. STM experiments were
carried out with a Unisoku low-temperature scanning tunnel-
ing microscope at the base temperature of 4.5 K. 17-TaS,
single-crystal samples were cleaved in situ under ultrahigh
vacuum and transferred into the STM head for precooling.
The precooled 17-TaS, sample was then moved to the water
dosing stage. Water was purified by a few freeze-pump-thaw
cycles before being introduced into the vacuum chamber
via a variable leak valve. During water dosing, the 17°-TaS;
sample was warmed up to ~100K. After water dosing, the
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FIG. 1. (a) Schematic showing the measurements: STM tip and water islands on top of the 17-TaS, surface. (b) Constant-current STM
topography on pristine 17-TaS, showing the +/13 x /13 C-CDW superlattice (V; = 500 mV, I = 200 pA). Inset: Zoom-in view of the C-
CDW order; the “Star of David” structure is shown in light yellow. Scale bar: 6 nm. (c) Constant-current STM topography on water-covered
17-TaS, with a positive STM bias voltage (V, = 500 mV, I = 5 pA). Scale bar: 6 nm. (d) Constant-current STM topography taken on water
islands with a positive STM bias voltage (V, = 500 mV, I = 5 pA). Scale bar: 4 nm. (e, f) FT of (c) and (d). Purple circles indicate V13 x /13
CDW peaks, and yellow circles indicate 6 x 6 wave vectors. (g, h) Inverse Fourier transform by selecting the 6 x 6 wave vectors and their

second-order wave vectors in (e) and (f), respectively.

17-TaS, sample was immediately transferred into the STM
head for measurements. STS measurements were done by
using standard lock-in technique with 5-mV modulation at the
frequency of 914 Hz.

Figure 1(c) shows monolayer water islands on the 17 -TaS,
surface. As can be seen, water forms superstructures on
the 17-TaS,. In order to show the periodicity of the water
superstructures, we performed Fourier transform (FT) on
constant-current STM topographies. Figure 1(e) shows the
FT of STM topography containing both water islands and
bare 17-TaS, surface [Fig. 1(c)], and Fig. 1(f) shows the
FT of STM topography taken on water islands [Fig. 1(d)].
Comparing these two FT images [Figs. 1(e) and 1(f)], we can
see that the wave vector shown in the purple circle disappears
in Fig. 1(f), which indicates that this is the V13 x /13 charge
order vector of 17-Ta$S,. Taking the /13 x /13 charge order
as a reference, we can also identify the wave vectors shown
in the yellow circles in Figs. 1(e) and 1(f) as 6 x 6 wave
vectors. In order to clearly show the 6 x 6 superstructures, we
performed selected inverse Fourier transform of 6 x 6 wave
vectors and their second-order wave vectors [Figs. 1(g) and
1(h)], where the 6 x 6 superstructures can be clearly seen in
water islands.

One interesting feature about the water islands is that they
appear differently in STM topographies taken with positive
and negative bias voltages. In STM topography with a pos-
itive bias voltage [Fig. 2(a)], monolayer water islands on
17-TaS, are ~50 pm higher than the bare 17-TaS, region
[Fig. 2(d)]. In STM topography with a negative bias voltage
[Fig. 2(b)], the water-covered 17-TaS, region has almost the

same height as the bare 17-TaS, region [Fig. 2(d)]. This
indicates that water makes little contribution to the density of
states between the Fermi level and the negative bias voltage
used for imaging. This makes water islands “transparent”
in negative-bias-voltage STM topography where the charge
order of 17-TaS, under water islands can be directly imaged
[Fig. 2(b)]. Surprisingly, compared with the well-ordered
V13 x /13 charge order in pristine 17-TaS,, the charge
order in water-covered 17'-TaS, regions is significantly dis-
ordered and denser [Fig. 2(b)]. This interfacial-water-induced
disordered charge order is different from the thermally in-
duced CDW transition to a nearly commensurate CDW state
(above 180 K), where there are localized V13 x /13 charge
order regions that are separated by CDW domain walls
[23,24].

In order to characterize the periodicity of the charge order
under water islands, we performed FT on constant-current
STM topographies taken with negative bias voltages. In the
FT image of STM topography with both water-covered and
bare 17-TaS, surfaces [Figs. 2(b) and 2(c)], in addition to
the v/13 x /13 charge order, there are two additional wave
vectors near each v/13 x +/13 charge order: one corresponds
to the 3 x 3 charge order (in the orange circle), and the other
is the 2+/3 x 24/3 charge order (in the green circle). In the FT
of STM topography containing only water-covered 17-TaS;
regions [Figs. 2(e) and 2(g)], the V13 x /13 charge order
peak completely disappears, and the 3 x 3 and 2+/3 x 24/3
wave vectors remain. This demonstrates that the charge order
in the water-covered 17 -TaS, region is neither a charge order
with single periodicity nor completely disordered. It is rather a
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FIG. 2. (a) Constant-current STM topography on water-covered 17-TaS, with a positive STM bias voltage (V, = 500 mV, I =5 pA).
(b) Constant-current STM topography taken on the same region as (a) with a negative STM bias voltage (V; = —500 mV, I = 5 pA). Scale bar
for (a) and (b): 6.4 nm. (c) FT of (b). (d) Line-cut profiles taken along the red (upper) and blue (lower) lines in (a) and (b). (¢) Constant-current
STM topography containing only a water-covered 17-TaS, region (V; = =500 mV, I =5 pA). Scale bar: 5 nm. (f) A polaronic pattern
extracted from (e). Black dots indicate the point positions which are used in the calculation of polaronic pair distribution functions (PDFs) in
(h). (2) FT of (e). Orange and green circles indicate 3 x 3 and 24/3 x 2+/3 wave vectors, respectively. (h) Polaronic PDFs, g® (r), for polaronic
patterns in STM images taken on a water-covered 17-TaS, region (orange) and a pristine 17-TaS, surface (blue).

mixed charge order consisting of two sets of hexagonal wave
vectors, which makes the charge order appear disordered in
STM topography [Fig. 2(e)].

Another clear feature shown in Fig. 2(b) is that the pattern
in the water-covered 17-TaS, region is denser than that in
the bare 17-TaS, region. In terms of the polaron picture,
STM topography on the water-covered region [Fig. 2(e)]
can be taken as a lattice of localized polarons where each
bulb can be treated as one localized polaron [22]. In order
to show the average nearest-neighbor distance between two
localized polarons, we first extract the positions of each
polaron in same-sized areas of pristine and water-covered
1T-TaS, [Figs. 2(f) and S2] [25], then calculate the polaronic
pair distribution functions (PDFs), g (r), which describe the
probability of finding a particle at distance r from a given
particle [22]. As shown in Fig. 2(h), the nearest-neighbor
distances for localized polarons in the disordered charge order
state and C-CDW state of 17-TaS, are ~1.0nm and ~1.2 nm,
respectively. This clearly indicates that the polaron density
under water islands is about 1.2 times that in the C-CDW
state of 17°-TaS,. There are only two pronounced peaks in the
polaronic PDFs of 17-TaS, under water islands [Fig. 2(h)],
which implies a lack of long-range correlations at r > 3 nm.
We note that although the polaronic PDFs showing in 17'-TaS;
under water islands are quite similar to the polaronic PDFs
in the recently reported amorphous metastable state induced
by ultrafast laser pulses on 17-TaS, [22,25], instead of being
in an amorphous state, there are clearly two sets of wave

vectors for the lattice of polarons in water-covered 17-TaS;
[Fig. 2(2)].

As shown in Figs. 3(a) and 3(b), the structure of water
islands changes during the taking of STM images, which
could be due to the perturbation of the STM tip or due to
the quantum tunneling of protons in hydrogen-bonded water
molecules. The structural changes in water islands also induce
changes in the polaron pattern under water islands [Figs. 3(c)
and 3(d)]. This indicates that polarons can be locally created
or eliminated by water molecules [as shown in the green
circles in Figs. 3(c) and 3(d)]. Based on this effect, the
formation of disordered polaron patterns under water islands
can be explained by the theoretical model developed by Vodeb
et al. [26,27]. The hydrogen-bonded water dipoles screen and
melt the charge order of 17-TaS, [28], which induces a larger
number of polarons to form than in the C-CDW state of
1T-TaS,. These polarons prefer to form a hexagonal lattice
due to the repulsion between them. At the polaron density
under water islands, regular hexagonal polaron lattices cannot
form because they are not commensurate with the underlying
atomic lattice of 17-TaS,, which results in a disordered
polaron pattern in water-covered 17-TaS, [26,27].

After analyzing the structures of the interfacial-water-
induced disordered polaron pattern, we performed STS to
study how interfacial water affects the electronic states of
1T-TaS,. At low temperatures, the ground state of 17-TaS,
is a Mott-insulating state with a lower Hubbard band and
an upper Hubbard band at energies of about £200 meV [the
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FIG. 3. (a—d) Sequence of STM images showing the changes in
water clusters (a, b) and the changes in the disordered polaron pattern
(c, d). Setup conditions: V; = 500 mV, I =5 pA for (a) and (b);
Vy = =500 mV, I =5 pA for (c) and (d). Yellow and green circles
indicate the most significant changes in STM images taken with
positive and negative bias voltages, respectively. Scale bar: 5 nm.

blue curve in Fig. 4(c)] [19]. As shown by the dashed vertical
lines in Fig. 4(c), there are another two broad peaks, at about
—400mV and 4360 mV, which correspond to the valence-
band (VB) peak and conduction-band (CB) peak of 17-TaS,,
respectively [29,30]. Figure 4(b) is a three-dimensional plot of
line-cut d1/dV spectra on water-covered 17-TaS; [Fig. 4(a)],
and the yellow and orange spectra in Fig. 4(c) are the dI/dV
spectra taken on the dots in Fig. 4(a). As shown, although
the d1/dV spectra on water-covered 17-TaS, are inhomoge-
neous, there are clearly four common features compared with
pristine 17-TaS, [25]: (i) the positions of the VB and CB
remain almost unchanged, and the CB has a larger spectral
weight than in pristine 17-TaS,; (ii) the lower Hubbard band
and upper Hubbard band peaks move closer to the Fermi level,
and the Mott gap in water-covered 17 -TaS; is about two times
smaller than in pristine 17-TaS,; (iii) a V-shaped gaplike
feature emerges near the Fermi level, and the minimum of
the V-shaped feature is pinned at the Fermi level; and (iv) as
shown by the black arrows in Fig. 4(c), in-gap states emerge
in some water-covered 17'-TaS; regions.

On water islands, the intensity of the CB is significantly
more enhanced than the VB, and the additional density of
states near the CB may be contributed by water molecules.
Mott gap collapse in water-covered 17-TaS, can generally
be explained by the reduced ratio between the Coulomb
repulsion U and the bandwidth W (U/W) within one band
Hubbard model [17,18,30]. As shown in the d/dV spectra in
water-covered 17'-TaS, [Figs. 4(b) and 4(c)], the bandwidths
of the lower Hubbard band and upper Hubbard band show
no significant change. This indicates that the decrease in U is
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FIG. 4. (a) Constant-current STM topography on water-covered
17-TaS, with a negative STM bias voltage (V, = =500 mV, [ =
5 pA). Scale bar: 4 nm. (b) Three-dimensional plot of d1/dV line cut
along the orange arrow shown in (a). (¢) d1/dV spectra (orange and
yellow) obtained at equally spaced positions along the line shown
in (a), and a typical dI/dV spectrum taken on a pristine 17-TaS,
surface (blue). Dashed blue lines show the evolution of the Hubbard
bands. Dashed black lines indicate the positions of the conduction
and valence bands. Short horizontal lines indicate dI/dV = 0 for
each spectrum. Short black arrows indicate the emerged in-gap states
near the Fermi level.

likely the dominant factor for the Mott gap collapse in water-
covered 17-TaS,. Compared with pristine 17-TaS,, water-
covered 17-TaS; is covered by water islands which have an
enhanced dielectric constant [28]. This enhanced dielectric
constant of water reduces U in water-covered 17°-TaS,, which
agrees with recent theoretical predications about Coulomb
engineering of a Mott insulator by controlling its dielectric
environment [31].

In summary, our observations clearly show that inter-
facial water forms superstructures on the 17-TaS, surface
and induces the melting of CDW and Mott gap collapse
on 17-TaS,. We believe our work will be helpful for un-
derstanding the precise roles of interfacial water in other
correlated electron materials [4-6] and stimulate further the-
oretical investigations about the interactions between inter-
facial water and quantum states of matter. Furthermore, we
also demonstrate that due to the enhanced dielectric con-
stant, interfacial water may provide a new way of con-
trolling the Mott-insulating state of materials by Coulomb
engineering.
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