
PHYSICAL REVIEW B 108, 125428 (2023)

Unveiling the hidden charge density wave spectral signature in 2H-NbSe2
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Although 2H -NbSe2 has been discussed as a prototypical charge density wave (CDW) material with strong
electron-phonon coupling, its energy gap structure, such as its position and size, has been elusive in spectroscopic
measurements. We carefully reinvestigate the spectral change in the scanning tunneling microscopy and spec-
troscopy (STM/STS) when crossing the CDW transition in temperature and space. In contradiction to previous
assignments, our spectroscopy measurements exhibit no significant spectral change across the CDW transition.
Density functional theory calculations attribute the absence of the spectral signature to the CDW gap opening at
the M point and the �-point-sensitive tunneling in the STS measurement. As an alternative CDW signature, we
identify a strong bias-dependent modulation of local charge density across the Fermi energy which originates
from the bonding/antibonding character of bands involved in the CDW gap at the M point. Our findings provide
important insights for understanding partially gapped mutliband CDW materials.
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I. INTRODUCTION

The emergence of energy gaps in electronic spectral func-
tions is the major indication of the emergence of many-body
insulating states such as Mott insulators [1], charge-density
waves (CDWs) [2], and superconductivity [3] in interacting
electronic systems. The spectroscopic characterization of en-
ergy gap structures is thus crucial for identifying and further
understanding such many-body ground states of solids, es-
pecially when a few different degrees of freedom compete
and/or collaborate for emerging phases. CDW phenomena,
in which periodic modulations of charges and lattices emerge
together, are classical but still intriguing examples in terms
of energy gap structures and their origins. Although the
CDW mechanism can be explained by the Peierls insta-
bility and Jahn-Teller distortion with moderate and strong
electron-lattice interactions, respectively, in one-dimensional
(1D) systems, the situation becomes more complex in higher
dimensions where the Peierls instability is not significant.
Instead, strong momentum-dependent electron-lattice interac-
tion has been proposed as the major driving force [4–6], which
can also involve other types of interactions such as strong
electron correlation [7], charge ordering [8,9], excitonic in-
teraction [10–12], and more.

One direct consequence of the complexity of CDWs in
higher dimensions can be the complicated energy gap struc-
ture. Many multiband CDW materials show a lack of a global
insulating energy gap, where only certain parts of energy
bands in specific points of momentum space are observed to
be gapped. One prototypical example is 2H-NbSe2, which
has been studied widely as a model system for CDW and
the interplay between charge order and superconductivity.

*khwanjin@ibs.re.kr
†yeom@postech.ac.kr

It undergoes a CDW phase transition at 33 K with a very
weak resistivity anomaly [13,14] and a superconducting phase
transition at 7.2 K [15,16]. While theoretical studies based
on density functional theory (DFT) calculations attributed
the CDW transition to strong momentum-dependent electron-
phonon coupling [5,17,18], the position and magnitude of the
spectral gap in experiments have been elusive for decades. In
momentum-resolved measurements of angle-resolved photo-
electron spectroscopy (ARPES), the maximum gap size was
estimated to be less than 8 meV from the Fermi energy
[19,20]. What is intriguing in these data is that the energy gap
structure around the Fermi energy remains consistent even at
temperatures well above the CDW transition temperature TC.
Even with an improved momentum resolution, it is not clear
whether the energy gap really changes at TC [21]. This obser-
vation is inconsistent with the predictions of DFT calculations
and was suggested to indicate a high-temperature pseudogap
phase of uncertain origin [21].

The situation is even more unclear for the scanning tun-
neling spectroscopy (STS) measurements. A few early STS
measurements suggested a rather symmetric gaplike feature
with its edges at ±35 meV (2�gap of 70 meV) [22,23], which
is totally inconsistent with the ARPES data. A subsequent
STS measurement suggested a much narrower asymmetric
gap [24,25], but a very recent STS study on 2H-TaxNb1−xSe2

indicated that the inelastic electron tunneling process is the
origin of these spectral features near the Fermi energy [26].
Namely, there is no consensus on the existence and size of
a gap feature in STS at present. Alternatively, the change
in topographic CDW modulation depending on biases was
analyzed to capture the signature of CDW gap opening, which
suggested the existence of an additional CDW gap well away
from the Fermi energy [18,27–30]. On the other hand, the
CDW state of 2H-NbSe2 was recently found to consist of
two topologically intertwined structures [31] whose energy
gap structures may be different, causing a laterally varying
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FIG. 1. STM topographic images (Vbias = 100 mV, It = 500 pA) at three representative temperatures: (a) 30 K (24 nm2), (b) 40 K
(14 nm2), and (c) 1.1 K (10 × 15 nm2). Colored shaded regions are CDW regions (HC: purple, AC: yellow, mixed: green), and examples
of two well-defined CDW regions are colored in (a). The regions labeled 1 and 3 (2 and 4) indicate areas where CDW is locally present
(absent). White dashed lines denotes phase boundaries. Colored circles indicate point defect sites. Especially, white circles denote protrusion
spots, except for protrusions from other defects within eight atoms from the center position of a particular defect in (a).

gap. Therefore, to resolve the elusive CDW gap feature and
discrepancies between STS, ARPES, and DFT results for
2H-NbSe2, a more systematic higher-resolution microscopic
analysis is required together with extensive DFT calculations.

Here, we directly compare high-resolution dI/dV STS
spectra and their numerical differentiation d2I/dV 2 between
normal and CDW regions below (30 K) and above (40 K) the
transition temperature, respectively. Our STS results show no
significant spectral changes when crossing the transition tem-
perature and laterally traversing the normal and CDW regions.
Additionally, we observe inelastic tunneling features in STS
that are consistent with a recent report [26], but they do not ex-
hibit any noticeable difference between the CDW and normal
phases. These findings suggest the need for further theoretical
and experimental investigations of the energy gap structure
and the underlying mechanisms of the CDW transition in the
2H-NbSe2 material across its entire temperature range. Fur-
thermore, investigation of the microscopic details of the phase
of the CDW around the Fermi energy reveals a hidden local
phase shift which is related to the orbital characteristics of
the CDW-related bands. The calculated momentum-resolved
density of states suggests that the CDW gap signature from
the M point could be related to the momentum selectivity of
the STS measurement. These findings provide insights into
understanding CDW phenomena in two-dimensional (2D)
multiband systems.

II. METHODS

2H-NbSe2 single crystals were cleaved in high vacuum
and transferred directly to an ultrahigh-vacuum chamber
equipped with a commercial low-temperature scanning tun-
neling microscope. Pt/Ir tips were used for scanning tunneling
microscopy (STM) measurements in constant-current mode
at various temperatures (1.1, 4.3, 30, and 40 K). When
we obtained dI/dV spectra with STM, the conventional
lock-in technique was used with a modulation frequency of
1 kHz and an amplitude between 0.05 and 1 mV. Our DFT
calculations were carried out using the Vienna Ab initio
Simulation Package at the level of the generalized gradient ap-

proximation [32,33]. We used the projector augmented wave
method for the description of the core-valence interaction. All
the calculations were performed using a kinetic energy cutoff
of 500 eV and a Monkhorst-Pack k-point grid of 7 × 7 × 1 for
the atomic relaxation and of 38 × 38 × 1 for the electronic
structure calculation for 3 × 3 CDW 2H-NbSe2. We used
Methfessel-Paxton smearing with a smearing value of 0.1 eV.
All structures were fully optimized until residual forces were
less than 0.01 eV/Å. The spin-orbit coupling was included
in the self-consistent electronic structure calculation. The cal-
culated lattice constant is a = 3.481 Å, in agreement with
experimental value. A vacuum space of 20 Å was employed
to ensure decoupling between neighboring layers.

III. RESULTS AND DISCUSSION

We first compare temperature-dependent topographic mea-
surements below (1.1 and 30 K) and above (40 K) TC.
Figures 1(a) and 1(b) are the empty-state STM topographies
at 30 and 40 K. Below TC, two distinct CDW structures
can be observed in STM images [31]. These structures are
characterized by a single protrusion and a trimer protrusion
within a unit cell and are known as the anion-centered (AC)
and hollow-centered (HC) structures, respectively [31]. In
contrast, above TC [Fig. 1(b)], only small areas near certain
defects exhibit noticeable CDW modulations [27,34]. While
HC and AC CDW domains are well defined with rather clear
boundaries at a much lower temperature of 1.1 K [Fig. 1(c)],
the phase landscape is more complicated at 30 K close to
TC. That is, in most of the area (about 90%), one of the
two CDW structures is observed to develop [green region in
Fig. 1(a)], but minor regions without clear CDW modulations
(red regions) also exist. In addition, irregular protrusions that
are neither single nor timer protrusions are also observed near
defects (see the white circles near defects which denote the
local protrusions). The origin of this defect-induced perturba-
tion below TC is not clear at present. However, the topographic
evolution upon cooling, the expansion of ordered CDW areas,
fits overall with the CDW transition picture discussed so far
and is consistent with previous STM studies.
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FIG. 2. Tunneling spectra across the CDW transition tem-
perature. (a) Point dI/dV curves at different sites for various
temperatures. The brown line denotes the difference between curves
1 and 4 with a reference line of zero. (b) d2I/dV 2 curves from
numerical differentiation of (a). Black arrows denote the step (peak)
positions which were previously reported [26]. Numbers 1–4 indicate
the spots represented in Figs. 1(a) and 1(b). The spectral curves above
(below) TC are indicated by the dashed (solid) lines. Dashed vertical
gray lines are guides to the eye at selected energies (±35 mV) among
the positions of the black arrows. The light gray line represents a
guideline considering thermal broadening.

To search the CDW energy gap, we measure the local
tunneling dI/dV spectra [Fig. 2(a)] in the energy range of
interest (±80 mV around the Fermi energy) at three repre-
sentative temperatures for the areas with clear and no CDW
modulations [Figs. 1(a)–1(c)]. The spectra at 1.1 K exhibit
the superconducting gap at the Fermi energy with an energy
scale of a few meV and a few fine modulations between +40
and −40 mV. The steps or peaks at ±35 and ±10 meV are
particularly noticeable, and they were previously related to the
CDW gap [22–25]. However, the complicated spectral struc-
ture with steps and peaks (black arrows) within this energy
range (±40 mV) obviously indicates that the origin is not
simply a CDW energy gap. Indeed, the derivative of this spec-
trum [Fig. 2(b)], which is normally proportional to the change
in the density of states in elastic tunneling, shows a few step
and peak structures in roughly symmetrical energy positions
around the Fermi energy (indicated by arrows), consistent
with a previous report [26] (see also Fig. S1 in the Sup-
plemental Material [35]). These features can be interpreted
as being due to the inelastic tunneling involving phonons.
Namely, any clear sign of a CDW energy gap is missing in
the low-temperature data.

We then try to find any possible change in the spectra upon
the loss of the apparent CDW amplitude in STM at higher
temperature. At 30 K, we find the broad diplike structure
within ±35 mV [the green spectrum in Fig. 2(a)] which
was previously assigned to a CDW gap [22,23]. Note that
the energy of the minimum density of states is located at
the Fermi level, which is inconsistent with the previous STS
result [24]. However, when thermal broadening is considered,
the d2I/dV 2 curves shown in Fig. 2(b) exhibit peak and dip
structures that correspond well to the smeared shape of the
observed inelastic signal at 1.1 K. This suggests strongly that
the broad diplike structure at 30 K is not due to the CDW
gap but to the inelastic tunneling signals. This argument can

FIG. 3. Tunneling spectra across the structural dependence (T =
30 K, Vbias = 100 mV). (a) Normal to CDW state regions containing
all possible structure types (normal, HC, and AC) at 30 K. Dotted
white lines are set at phase boundaries. Colored masks are covered
at different CDW regions. (b) Corresponding height line profile of
the green arrow from A to B. Corresponding phase boundary lines
are set. Zero height is coordinated as an average height of the normal
phase region. (c) Point dI/dV curves at equal distance intervals of
the line from A to B in (a). Dashed vertical gray lines are guides
to the eye at energies which show a gap-edge-like feature. Offsets
are applied for clarity. Black arrows denote the locations of phase
boundaries in (a).

further be supported by the absence of the correlation between
this structure and the CDW amplitude. As shown in Figs. 2(a)
and 2(b), the step or peak structure and the dI/dV spectra
themselves in this energy range show no noticeable difference
between the areas with the fully developed CDW and without
any signature of the CDW. We can additionally see that there
is no obvious difference between the spectra taken at 30 and
40 K. Even in the two extreme cases of the CDW region at
30 K (region 1) and the normal state region at 40 K (region 4),
the subtracted spectra carry only a featureless null background
in the whole energy range [top brown line in Fig. 2(a)].

The absence of the CDW-induced spectral change is further
corroborated by the spatial coexistence of the CDW and nor-
mal domains at 30 K. For example, the STM image in Fig. 3(a)
shows a surface area where the normal phase changes to a
narrow AC CDW domain and then to the HC domain. Here,
the term “normal phase” refers to the area where only a very
faint CDW signature is present, which is presumably due to
the decayed neighboring AC/HC CDW amplitudes. Through
the fast Fourier transform of the STM images for each region,
we were able to confirm distinct CDW signatures in each re-
gion (see Fig. S2 in the Supplemental Material). The evolution
of the CDW amplitude as well as the lateral phase change
can be clearly visualized by the topographic line, as shown
in Fig. 3(b). However, no difference is observed in the STS
line scan in Fig. 3(c). This is consistent with the results for
selected regions at different temperatures [Fig. 2(a)], denying
the existence of a gap feature with 2�gap = 70 or 24 meV
suggested in previous works [22–24].

In order to understand these STS data, we perform DFT
calculations. Our STM experiments primarily focus on the
electronic structure associated with the CDW features ob-
served on the top layer of NbSe2; we modeled the 3 × 3
CDW system using one to three layers. Figure 4(a) shows
the calculated band structure at normal and CDW states
in the single-layer model. In our DFT calculation, we consider
the HC CDW structure, which is the lowest-energy ground
state [31]. At the normal (pristine) state, there are two Nb
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FIG. 4. Hidden phase shift from the CDW gap opening. (a) Left: The calculated band structure at a normal state in the 1 × 1 unit cell.
Middle and right: The calculated band structures at the CDW state in the 3 × 3 supercell and the corresponding unfolded band structure in the
Brillouin zone of the 1 × 1 unit cell. The blue square denotes the evolved CDW gap at the M point around the Fermi energy. The calculated
DOSs are added for the normal and CDW phases. The red arrow represents the energy range where the DOS is modulated by the CDW. (b) Top:
Bias-dependent STM topographic images for biases of opposite polarity [Vbias = −100 mV (first panel) and +100 mV (second panel), It = 1 nA,
T = 4.3 K] in the HC CDW state and an antisymmetrized image (third panel) for both images. Bottom: Corresponding DFT simulated images.
The black rhombus denotes a CDW 3 × 3 supercell. Se(Nb) trimer regions in the CDW state are grouped by colored circles (1, blue circle; 2,
red circle; 3, yellow circle). (c) Normalized height value of protrusion centers of three types of Se trimers [colored circle regions in (b)] for
a wide range of the bias voltage. Height values of each bias are normalized by the highest height value among the three types (1, 2, and 3).
STM height results were obtained at intervals of 50 mV within the range of −200 to 200 mV, while data outside of this range were acquired at
intervals of 200 mV. In the top panel, results obtained from different samples are distinguished by solid and dotted lines. Small colored circle
are especially marked on graph from height values in (b). The gray and cyan shaded areas represent where the phase inversion occurs. (d) The
projected band structures around the M point [dashed rectangle in (a)], where the color bar represents the contributions from Nb1, Nb2, and
Nb3 atoms, from left to right. (e) Partial charge densities of the occupied and unoccupied states, as indicated by α (−) and β (+) states in (a),
respectively.

d bands crossing the Fermi energy along the M-K line [the
first panel in Fig. 4(a)] [20,25]. At the CDW state, among
several metallic bands crossing the Fermi energy, a significant
CDW gap opens [blue square in the second panel in Fig. 4(a)]
only around the M point in the bands closest to the Fermi
energy, with a gap size of ∼120 meV, which is much larger
than those suggested in previous experimental works [24,25].
The evolution of the gap opening upon increasing the CDW
lattice distortion is detailed further in Figs. S3 and S4 in the
Supplemental Material. Together with the main CDW gap
at the M point, the metallic bands along the M-K direction
undergo deformation during the CDW transition. In the un-
folded band structure in the 1 × 1 Brillouin zone [third panel
in Fig. 4(a)], a large gap along the M-K line, which matches
the K-centered Fermi surface barrels in previous ARPES mea-
surements [19,20], indicates the overall reduction in the DOS
in a wide energy range of up to ∼0.4 eV in the CDW transition
[red dashed guide lines between the third and fourth panels in
Fig. 4(a)]. Note that the band structure of the AC CDW state

shows a much smaller CDW gap compared to the HC CDW
case (see Fig. S5 in the Supplemental Material).

We suggest that the absence of a CDW gap signature in
dI/dV spectra must be related to the strong momentum-
dependent tunneling in STS measurements. In the calculated
DOS [Fig. 4(a)], the high density of states around the Fermi
energy is remarkable, resulting from two Nb d metallic bands.
However, the STS results show a weak dI/dV intensity near
the Fermi level, while the overall peak positions [25,27,36] in
the dI/dV spectra are in good agreement with the DFT results
(see Fig. S6 in the Supplemental Material). This situation
is also distinct from the ARPES measurements [19,20,25],
which clearly reproduce a strong DOS intensity at ∼ − 0.2 eV
below the Fermi energy. In order to reproduce such weak
dI/dV signatures near the Fermi level, we adopt a �-point-
weighted k mesh (∼e−αk2

) in calculating the DOS since the
tunneling process predominantly occurs about the � point. As
the α value increases, the contribution of states near the M
and K points decreases, leading to a significant reduction in
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the DOS near the Fermi level. The adjusted DOS successfully
reproduces the low-energy dI/dV curve (see Fig. S6 in the
Supplemental Material). This result indicates the CDW gap
signature from the M point could be suppressed in the tunnel-
ing process.

One thus has to find another way to identify the CDW
gap signature in STS measurements. Following a few pre-
vious works in this respect, we analyze bias-dependent
topographic images of the HC CDW state. Figure 4(b) shows
the corresponding STM topographic images at 4.3 K and the
corresponding simulated images in selected biases. In the HC
CDW structure [Fig. 4(e)], the Nb atoms in a 3 × 3 unit cell
can be grouped into three different configurations [Nb1, Nb2,
and Nb3; black rhombus in Fig. 4(b)] through the formation
of a hexamer and a trimer [31]. Each group of Nb atoms
forms a Nb trimer (colored circles), which distorts top-layer
Se trimers, which are responsible for STM topographic pro-
trusions. In both filled and empty biases [first and second
panels in the top row of Fig. 4(b)] strong Se trimer protrusions
[group 1 (blue circle)] exist due to the contracted Nb trimer
[18,31,34]. The brightness of the Se trimer in group 3 (yellow
circle) is the weakest, and there is no significant difference
above and below the Fermi level. Interestingly, the contrast of
a Se trimer in group 2 (red circle) is significantly changed
with a change in the bias polarity, which was not noticed
in the previous analysis [18]. In the antisymmetrized image
[third panel in the top row of Fig. 4(b)], we can see the strong
contrast in these Se atoms. The corresponding simulated im-
ages reproduce well the contrast change in group 2 Se atoms
[Fig. 4(b), bottom row] observed experimentally. Note that, in
the bias energy range near the Fermi level, the states around
the M and K points are naturally selected, which makes the
STM simulation reflect the characteristics of wave functions
around the M and K points. That is, the momentum-selective
characteristic is implicitly incorporated into the STM sim-
ulations. The signature of the topographic contrast change
can also be observed in the height profiles. The normalized
height values of the protrusion centers of three groups of Se
trimers are plotted in Fig. 4(c) in the full bias range (−1
to 1 V). The height values are normalized to the maximum
of the measured STM images. In particular, CDW amplitude
changes are distinctly shown across the Fermi energy (gray
shaded area) in the Nb2 trimer region discussed above [see
small colored circles in Fig. 4(c)].

The above topographic contrast change is directly related
to the CDW gap and the orbital characteristic of the bands
involved. Figure 4(d) shows the contributions of Nb1, Nb2,
and Nb3 atoms to the bands around the M point. There is a
clear contrast in the contributions of Nb2 and Nb3 atoms to
the bottom conduction and top valence bands at the M point.
However, for the Nb1 atoms, the DOSs from the valence and
conduction bands are almost the same, which explains the
absence of the strong topographic contrast change in region
1 in the STM results. The partial charge density of occupied
and unoccupied states [α (−) and β (+) states in Fig. 4(a)] at
the M point more clearly shows the charge density modulation
in three trimer regions due to the CDW [Fig. 4(e)]. Especially,
Nb2 (Nb3) atoms exhibit a bonding (antibonding) character
in the valence band, while showing the opposite trend in the
conduction band. Note that the expected contrast change in

region 3 seems to be suppressed in measurements due to the
dominant density of states in regions 2 [Fig. 4(d)]. For the Nb1

atoms, they undergo contraction, resulting in the formation
of a small Nb trimer CDW structure, and the CDW bonding
and antibonding states can be observed in the partial charge
density [blue circles in Fig. 4(e)]. However, these bonding
and antibonding states exert a nearly equal influence on the
adjacent Se trimers in the top layer. In the Nb1 trimer region,
this is evident from the STM images, which show a relatively
strong intensity and no variation above and below the Fermi
level.

In a 2D CDW system forming the simplest 2 × 2 super-
cell [30,37], the global contrast inversion of STM images
occurs around the CDW gap because the CDW unit cell is
simply divided by two regions which have either bonding
or antibonding character. On the other hand, in a 3 × 3 sys-
tem, there are two distinct types of regions (Nb trimer/Nb
hexamer) within the CDW unit cell that can exhibit bonding
or antibonding character in each region, resulting in a more
complex contrast variation within a CDW unit cell. In a more
extended 2D CDW system such as the VTe2 monolayer with
a 4 × 4 CDW unit cell [38], the CDW contrast variations are
even more complicated. It is also worth noting the origin of
the CDW contrast inversion signature observed far below the
Fermi level. As also shown in Fig. 4(c), the contrast inversion
is also seen around −0.5 eV, which was considered to be
the result of another CDW gap opening in the valence band
[27,29]. In the analysis of the bias-dependent STM images,
specifically two cases shown in Fig. 4(c), the contrast inver-
sion occurs at two different energy positions (cyan shaded
areas), −0.5 and −0.75 eV, which are consistent with the
results of two previous studies [27,29]. We find that two dis-
tinct energy regions exists where the dominant band character
is either Nb (> −0.4 eV) or Se (< −0.5 eV; see Fig. S7 in
the Supplemental Material). Accordingly, the observed con-
trast inversion in the valence band around −0.5 eV can be
attributed to the transition of the band character from Se to
Nb, rather than the opening of a CDW gap.

IV. CONCLUSION

In summary, our results showed that the 2H-NbSe2 system
does not exhibit any gaplike feature or significant reduction
in STS spectral weight near the Fermi level during the CDW
transition despite the well-defined structural changes caused
by the CDW transition. We suggested the �-point sensitivity
of the tunneling reduces the CDW gap signature, which is
located at the M point in the Brillouin zone. This indicates
the need to reexamine the assignment of the CDW gap in the
previous STS measurements. We found a local DOS contrast
modulation across the Fermi energy, which is a trace of the
CDW gap opening at the M point. This part of the results
indicates that the charge modulation in a 2D CDW unit cell
can be complicated and a simple CDW phase inversion does
not necessarily occur.
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