Impurity-pinned incommensurate charge density wave and local phonon excitations in 2H-NbS2
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Here we report a scanning tunneling microscopy (STM) and spectroscopy (STS) study in the superconducting state of 2H-NbS2 . We directly visualize the existence of incommensurate charge density wave (CDW) that
is pinned by atomic impurities. In strong tunneling conditions, the incommensurate CDW is de-pinned from
impurities by the electric field from STM tip. We perform STM-based inelastic tunneling spectroscopy (IETS)
to detect phonon excitations in 2H-NbS2 and measure the influence of atomic impurities on local phonon excitations. In comparison with the calculated vibrational density of states in 2H-NbS2 , we find two branches of
phonon excitations which correspond to the vibrations of Nb ions and S ions, and the strength of the local phonon
excitations is insensitive to the atomic impurities. Our results demonstrate the coexistence of incommensurate
CDW and superconductivity in 2H-NbS2 , and open the way of detecting atomic-scale phonon excitations in
transition metal dichalcogenides with STM-based IETS.

In 2H-NbS2 , no clear experimental evidence of CDW phase
has been reported in electrical transport [7], low-temperature
scanning tunneling microscopy (STM) [8] and high-pressure
measurements [10]. Until recently, the √
diffuse √x-ray scattering measurements report faint traces of 13 × 13 CDW order in 2H-NbS2 , where they suspect this may be due to the
presence of rare and dilute 1T layers in their 2H-NbS2 samples [11]. The k-dependent electron-phonon coupling is often
considered to be essential for the CDW origin in TMDs, and
the absence of CDW in 2H-NbS2 is theoretically explained as
the anharmonic effects that suppress the formation of CDW,
although there are phonon modes softening [12, 13].
In the CDW phase of real materials, the total energy of
the system is minimized with charge modulation either by
locking in some special way with atomic lattices (commensurate CDW case), or by ’pinning’ to atomic impurities (incommensurate CDW case). Impurities always exist even in highquality single crystals, and impurity-scattering has a profound
effect in the static and dynamic behaviors of CDW [14, 15].
For example, impurities in materials can be the pinning centers of short-range CDWs and the seeds for the formation of
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Electron-phonon and electron-electron interactions in transition metal dichalcogenides (TMDs) produce a wide range
of collective electronic states, such as charge density wave,
superconductivity, and Mott-insulating phases, which makes
TMDs a fertile playground for exploring the interplay between these novel electronic phases [1–6]. For the superconducting TMDs, one of the common features is that superconductivity coexists or emerges in proximity to a charge density
wave (CDW) state [1, 2]. In the family of superconducting
TMDs, 2H-NbS2 stands out as it is often considered as a superconducting TMDs material without CDW [7, 8]. It is even
more surprising if we consider 2H-NbS2 has similar superconducting transition temperature as its isostructural and isoelectronic compound, 2H-NbSe2 , where 3 × 3 CDW order
coexists with superconductivity [9].
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FIG. 1. (a) Schematic crystal structure of 2H-NbS2 . (b) Temperature dependent electrical resistivity for 2H-NbS2 . The inset shows
the resistivity data near superconducting transition. The residual resistance ratio (RRR) is about 70. (c) and (d) STM constant current
topographies taken with V s = 500 mV, I = 10 pA.

long-range CDWs [16–18]. However, in the previous theoretical calculations explaining the absence of CDW in 2H-NbS2 ,
only perfect 2H-NbS2 structure was considered [12, 13]. And
in the low-temperature STM studies on 2H-NbS2 , only STM
images taken on small defect free regions were shown [8].
To clearly prove whether CDW exists in the superconducting
state of 2H-NbS2 with atomic impurities or not, detailed lowtemperature local probe investigations are still missing.
In this letter, we use low-temperature scanning tunneling
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FIG. 2. (a)-(b) FT of STM images taken on the same region as Fig. 1 (c) with +300 mV and -300 mV bias voltages, respectively. The FT
images are symmetrized along the high-symmetry directions. The red circles are the Bragg peaks and the white arrows indicate the CDW
peaks. (c) Line-cut profiles taken along the red dashed line shown in panel (a) for the FT of STM topographies with different STM bias
voltages (curves are shifted for clarity). (d) Line-cut profiles as in panel (c), but along a shorter orange dashed line shown in panel (b). (e) A
sequence of STM topographies on the same area with different tunneling current setpoints: 10 pA (top), 50 pA (middle), 100 pA (bottom) and
the same bias voltage V s = 2 V. Scale bar: 5.6 nm.

microscopy (STM) and spectroscopy (STS) to study the highquality 2H-NbS2 single crystals. We discover that incommensurate CDW exists in the superconducting state of 2HNbS2 , and the incommensurate CDW patterns are pinned by
the atomic impurities. Since electron-phonon coupling is essential for the charge instability in many TMDs materials, we
use inelastic tunneling spectroscopy (IETS) to locally probe
phonon excitations and investigate the influence of atomic impurities on phonon excitations in 2H-NbS2 .
Single crystals of 2H-NbS2 are synthesized by chemical vapor transport method as described elsewhere [19]. Fig. 1 (b)
shows the electrical resistivity as a function of temperature
for the 2H-NbS2 single crystal sample used in this work. The
smooth temperature dependence in the resistance is consistent
with the previously reported data [19], and the measured sharp
superconducting transition temperature is at ∼6 K [20] (also
see Supplementary Material, S1). STM experiments were carried out with a Unisoku low-temperature STM at the base
temperature of ∼4.5 K (below the superconducting transition
temperature of 2H-NbS2 ). 2H-NbS2 single crystal samples
were cleaved at 77 K and then transferred into STM head for
measurements. Chemically etched tungsten tips were used for
the measurements. STS measurements were done by using
standard lock-in technique with 3 or 5 mV modulation at the
frequency of 437 Hz.

For the structure of 2H-NbS2 , each unit consists of two SNb-S sandwich layers in which the S sheets have a hexagonal close-packed structure and the Nb atoms are in the trigonal prismatic coordination defined by the two S sheets [Fig. 1
(a)]. The sample cleaves between S-Nb-S sandwich layers terminated in a S surface. Constant current STM topographies
[Figs. 1 (c) and (d)] show three clear features: (1) The surface
S atoms form triangular lattice; (2) The surface and subsurface
impurities, such as vacancies or substitution atoms, are clearly
visible, and their densities are low and comparable with typical high-quality TMDs single crystals [17]; (3) CDW patterns
can be clearly seen in the vicinity of the atomic impurities.
While the intensity gradually decreases as far away from the
impurities, the CDW patterns cover almost the entire surface.
As shown in Figs. 1 (c) and (d), the CDW phase is pinned at
each impurity which indicates they are in the strong-pinning
case [21].
In order to reveal the periodicity of the CDW order, we perform Fourier transform (FT) to STM topographies measured
on the same region as shown in Fig. 1 (c). Figs. 2 (a) and (b)
shows FT images of STM topographies taken with +500 mV
and -500 mV bias voltages, respectively. Both FT images
show the hexagonal Bragg peaks (red circles) and CDW vectors (indicated by white arrows). Bragg peaks appear as sharp
bright spots while CDW peaks are slightly broader and closer
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FIG. 3. (a) The distribution of the spatially resolved dI/dV spectra
(blue) acquired over a 20 × 20 nm2 region, and the averaged dI/dV
spectrum (red). (b) Averaged dI/dV spectrum in a smaller energy
range. (c) The positive bias side of the d2 I/dV 2 spectrum in panel (d)
(red), and the previously calculated vibrational density of states in
2H-NbS2 (dotted blue) [31]. (d) Averaged d2 I/dV 2 spectrum taken at
the same time with the dI/dV spectrum in panel (b).

to the center of FT images. Bragg peaks and CDW vectors
are almost along the same direction. Figs. 2 (c) and (d) show
the line-cut profiles along Bragg peak direction in FT images taken with +500 mV, +300 mV, -300 mV and -500 mV
bias voltages [20] (see Supplementary Material, S2). We can
clearly see that the CDW vector is bias voltage independent,
and it is located at ∼0.16·QBragg , which indicates the CDW
order is incommensurate with the atomic S lattice.
Now a natural question is whether this impurity-pinned
patterns in Figs. 2 (a) and (b) are not CDW, but are due to
the quasiparticle interface (QPI) induced electronic standing
waves near impurities [22, 23]. To address this question, we
perform current dependent measurements while keeping STM
bias voltage constant. If the patterns are electronic standing
waves, as increasing the tunneling current, signal-to-noise in
STM topography will be improved and the electronic standing
waves will become clearer. In our current dependent measurements [Fig. 2 (e)], as increasing tunneling current, the
impurity-pinned patterns become weaker and gradually disappear. They recover as we decrease the strength of the tunneling current [20] (see Supplemental Material, S3). This excludes the possibility that this impurity-pinned patterns are
the electronic standing waves, and it is consistent with the
effect that the CDW patterns are de-pinned by the electric
field from the STM tip in strong tunneling conditions [24]. In
the STM topographies taken with strong tunneling conditions,
individual impurities can be clearly resolved, where we can
see that CDW minimum is pinned at the S-vacancy-like impurities, and CDW maximum is pinned at the S-substitution-

atoms [20] (see Supplementary Material, S4). Our measurements indicate that the impurity-pinned CDW is fragile and
can be disturbed by the electric field from STM tip, which
may also explain why it has not been found in the previous
low-temperature STM measurements [8].
After confirming the CDW nature of the impurity-pinned
patterns, we perform STS measurements to get information
about their possible mechanism. For low-dimensional CDW
systems, Fermi surface nesting and k-dependent electronphonon coupling are often considered as the driving forces
for the CDW instability [3, 25]. k-dependent electron-phonon
coupling is essential for CDW formation in many TMDs [3],
and STM-based inelastic tunneling spectroscopy (STM-IETS)
has been used to detect phonon excitations in Pb thin films and
graphene [26–28]. STM-IETS signal is due to the opening of
an inelastic tunneling channel as the energy of the tunneling
electrons is larger than the threshold of the excitation, which
increases the differential tunneling conductance, dI/dV. STMIETS signal is usually weak and detected by recording the second derivative of the tunneling current as a function of STM
bias voltage (d2 I/dV 2 ) with lock-in amplifier [29].
Fig. 3 (a) shows the position-dependent dI/dV spectra and
averaged dI/dV spectrum in the energy range of ±700 mV.
The strength of the dI/dV signal is proportional to the local density of states (LDOS). As shown in Fig. 3 (a), dI/dV
spectrum on 2H-NbS2 is spatially uniform, and there are no
clear impurity-induced resonant states. According to the calculated electronic band structure of 2H-NbS2 [30], the peak
at ∼+500 mV in Fig. 3 (a) is likely related to the top of the
band with out-of-plane Nb dz2 character. No clear QPI pattern
is observed in the dI/dV maps over a large energy range [20]
(see Supplementary Material, S5), which confirms again that
the patterns near impurities shown in Fig. 1 (b) are not electronic standing waves. Another feature in the dI/dV spectrum
is that there is a pronounced dip near Fermi level, and Fig. 3
(b) shows the high-resolution dI/dV spectrum in a smaller energy range near Fermi level. Although the experimental temperature (∼4.5 K) is below the superconducting transition temperature of 2H-NbS2 (∼6 K), due to thermal broadening, the
superconducting gap of 2H-NbS2 cannot be clearly detected
in the dI/dV spectrum at 4.5 K [8]. As shown in Fig. 3 (b),
there are two steps on both positive and negative sides of the
Fermi level. Fig. 3 (d) is the simultaneously recorded d2 I/dV 2
spectrum as the dI/dV spectrum in Fig. 3 (b), where we can
see two clear features: (1) it is more or less symmetric about
Fermi level; (2) there are two peak-dip pairs at bias voltages
of ±12 mV and ±42 mV. These two features are the characteristic fingerprints of inelastic tunneling processes [26, 29]. We
note that the same d2 I/dV 2 spectrum can be obtained with another fresh STM tip which confirms that the d2 I/dV 2 spectrum
is STM tip independent [20] (Supplementary Material, S6).
In order to understand the IETS processes, we compare the
measured d2 I/dV 2 spectrum with previously calculated vibrational density of states (DOS) in 2H-NbS2 [31]. As shown in
Fig. 3 (c), they are consistent with each other, which indicates
the STM-IETS spectrum is directly related to phonon exci-
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tations in 2H-NbS2 . According to the calculated vibrational
DOS, there are two branches of vibrations, which correspond
to the vibration of Nb ions (with energies around 12 mV) and
S ions (with energies around 42 mV), respectively. Due to the
limited energy resolution at the measured temperature (4.5 K),
more detailed features in the calculated vibrational DOS cannot be resolved in the d2 I/dV 2 spectrum [Fig. 3 (c)]. Identifying the dip-like feature near Fermi level in dI/dV spectrum
as the inelastic phonon excitations will also be helpful for understanding similar features in the dI/dV spectra taken on the
other TMDs, such as 2H-NbSe2 and 3R-NbS2 [9, 32].
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FIG. 4.
(a) STM constant current topography taken with V s =
500 mV, I = 10 pA. (b) d2 I/dV 2 spectra taken on the four colored
dots in panel (a). (c) Schematic Fermi surface of 2H-NbS2 based on
ARPES data in [33]. The dashed hexagon is the Brillouin zone and
the red arrows indicate the nesting vectors. (d) d2 I/dV 2 spectra as
a function of distance (vertical axis) taken along the yellow line in
panel (a).

Since the incommensurate CDW in 2H-NbS2 is pinned by
the atomic impurities and electron-phonon coupling is often
considered as the driving force for the charge instability in
TMDs, we then measure the influence of the atomic impurities on the local phonon excitations. As shown in Figs. 4 (a)
and (b), the STM-IETS spectra taken at the positions near and
far away from the impurity are more or less the same. Fig. 4
(d) shows the line-cut STM-IETS spectra along the line shown
in Fig. 4 (a), and we can see that the energy positions and the
strength of the local phonon excitations are quite uniform [20]
(Supplementary Material, S7). This means that although the
incommensurate CDW is pinned by the atomic impurities, the
local phonon excitations are impurity insensitive, which in-

dicates that electron-phonon coupling may not be the dominant factor for the formation of incommensurate CDW in 2HNbS2 . Otherwise, we would expect to detect changes in local
phonon excitations near the atomic impurities. Based on our
STM-IETS data, we propose that the most likely mechanism
of the impurity-pinned incommensurate CDW in 2H-NbS2 is
Fermi surface nesting. Fig. 4 (c) shows the schematic Fermi
surface of 2H-NbS2 [33]. As can be seen, the hole pockets
are located at Γ and K points, and there are parallel (’nested’)
sections in them. The red arrow indicates the possible nesting
vector which is comparable with the incommensurate CDW
vector shown in Fig. 2 (d). We also find that in some 2H-NbS2
samples, the intensity of the impurity-pinned incommensurate
CDW is weaker, and this could be due to the weakened Fermi
surface nesting caused by the slightly different doping levels
in those samples.
In Summary, we discovered impurity-pinned incommensurate CDW in the superconducting state of 2H-NbS2 , which
indicates the incommensurate CDW coexists with superconductivity in 2H-NbS2 . This discovery will be helpful for unifying the picture of the interplay between CDW and superconductivity in TMDs. We also demonstrated that STM-IETS
could be used to detect local phonon excitations in 2H-NbS2 ,
which opens the door for detecting spatially-resolved phonon
excitations in TMDs. Further STM/STS studies at even lower
temperature (below 1 K) would be helpful to measure more
detailed information about the phonon excitations with better
energy resolution, and it would also be important to study the
relationship between local phonon excitations and the superconducting properties of 2H-NbS2 .
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Note added. During the reversion of the manuscript, we became aware of related work about STM based IETS on TMDs
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[12] M. Leroux, M. Le Tacon, M. Calandra, L. Cario, M.-A.
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