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Abstract. Bulk and single-layer 2H-NbSe2 exhibit identical charge density wave order 

(CDW) with a quasi-commensurate 3×3 superlattice periodicity. Here we combine 

scanning tunnelling microscopy (STM) imaging at T = 1 K of 2H-NbSe2 with first-

principles density functional theory (DFT) calculations to investigate the structural atomic 

rearrangement of this CDW phase. Our calculations for single-layers reveal that six 

different atomic structures are compatible with the 3×3 CDW distortion, although all of 

them lie on a very narrow energy range of at most 3 meV per formula unit, suggesting the 

coexistence of such structures. Our atomically resolved STM images of bulk 2H-NbSe2 

unambiguously confirm this by identifying two of these structures. Remarkably, these 

structures differ from the X-ray crystal structure reported for the bulk 3×3 CDW which, in 

fact, is also one of the six DFT structures located for the single-layer. Our calculations also 

show that due to the minute energy difference between the different phases, the ground 

state of the 3×3 CDW could be extremely sensitive to doping, external strain or internal 

pressure within the crystal. The presence of multi-phase CDW order in 2H-NbSe2 may 

provide further understanding of its low temperature state and the competition between 

different instabilities.

Keywords: Charge density waves, transition metal dichalcogenides, DFT calculations, 2H-

NbSe2, STM.

Main text.

The genuine origin of the charge density wave (CDW) state in NbSe2 has been a matter 

of continuous debate.1,2  Clearing up this point is an unavoidable issue in any attempt to 

understand the interplay between CDW and superconducting (SC) states in this 

paradigmatic material.3 Bulk 2H-NbSe2 is a room temperature metal which at 33 K 

undergoes a transition towards an atypical CDW state4 with practically no resistivity 

change through the transition. Below 33 K the system exhibits a modulated almost quasi-

commensurate 3×3 structure5 and at 7 K enters into a SC state6. It has been recently shown 

that the CDW order remains intact in single-layer NbSe2
7.  In contrast with 2H-NbSe2, the 

CDW modulation in bulk 2H-TaSe2 is 3×3 commensurate at low temperature.5 

Dichalcogenides of the 2H-MX2 family provide promising playground for the study of 
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competing electronic instabilities in the 2D limit, 2H-NbSe2 being specially challenging 

because of the incommensurability of its CDW. 

Single-layers of 2H-NbSe2 (from now on we will refer to them simply as NbSe2) are 

hexagonal layers of Nb atoms in a trigonal prismatic environment of Se atoms (Figure 1a).8 

Although the superlattice periodicity (quasi-commensurate 3x3) has been accurately 

measured,5 the microscopic structure of the elastic distortion that accompanies the CDW 

phase still remains elusive. The layers of bulk 2H-NbSe2 were recently found to exhibit a 

continuous pattern of overlapping star-shaped Nb atom clusters extending along the layer.9  

More recently, a first-principles DFT study on single-layer NbSe2 assuming a 

commensurate 3×3 modulation revealed that several structures with nearly equal stability 

but different distortion patterns are compatible with a 3×3 modulation.10 This suggests a 

very flat potential energy surface and a plausible coexistence of the different modulations. 

This potentiality apparently stimulated two subsequent theoretical works.11,12 However, a 

comprehensive picture of the exact elastic modulations cannot be solved from a purely 

theoretical DFT approach since (i) the real modulation is strictly non-commensurate, and 

(ii) the resulting competing modulations have very similar energetic stability. Because of 

the simultaneous occurrence of these two features, theoretically optimized 3×3 

commensurate structures can only be taken as suggestions of different possibilities to be 

carefully examined by suitable experimental techniques. STM well suits for this purpose 

since it can image with atomic resolution the spatial rearrangement of the electronic charge 

of the CDW phase. Such electronic rearrangements can be compared to those simulated for 

the different calculated elastic modulations.  Here we report a combined experimental-

theoretical study to provide compelling evidence for the coexistence of different 

modulations in the CDW state of NbSe2. In order to search for the several possible 

competing phases, we perform total energy minimizations starting from different distorted 

starting configurations. Some of the structures were only found when a charge doping was 

initially considered. Once such structures are located for a given doping value, their 

evolution with doping was also followed. While some of the phases were found for the 

whole range of doping considered, others were observed for some doping intervals. Doping 

is therefore used as a practical way to unravel competing structures in our calculations. 

Nevertheless, we note that our results of the stability of the several structures as a function 
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of doping can also be relevant to experiments where injection of carriers in the single layers 

is achieved through electric field gating.13 We also note again that our commensurate 3×3 

structural models are only (close) approximations to the true experimental incommensurate 

structures.

Figure 1: (a) Top and side view of the NbSe2 single-layer structure. Lindhard response 

function (b) and (c) phonon dispersion in the Γ - M segment of the Brillouin zone calculated 

for undistorted single-layer NbSe2. 

Full optimization of the non-modulated structure of single-layer NbSe2 leads to a 

lattice constant of 3.48 Å, in good agreement with plane-wave type DFT studies,11 3.47 Å, 
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and the experimental value for the bulk, 3.44 Å.8 The band structure and Fermi surface of 

single-layer NbSe2 in both modulated10-12 and non modulated14-16 structures have been 

discussed before. Such Fermi surface contains rounded hexagons and rounded triangles 

centered at Γ and K points of the Brillouin zone (BZ), respectively. The calculated 

Lindhard response function for the optimized non modulated single-layer NbSe2 is shown 

in Figure 1b. As it occurs for the bulk,17 there are no sharp maxima around the (a*/3, 0) 

point and equivalent ones of the BZ which could justify a Fermi surface nesting driven 

mechanism of the CDW, but a very shallow region around the Γ - M direction. In contrast, 

as can be seen in the phonon band structure of the optimized non modulated structure 

shown in Figure 1c, one of the phonon branches becomes clearly unstable in a large part of 

the -M segment of the BZ, with a maximum imaginary frequency near but not exactly at 

the a*/3 point. The presence of phonons with imaginary frequency around this point 

indicates that the system is unstable with respect to incommensurate distortions with a 

periodicity not far from 3×1 (and symmetry equivalent). The combination of the three 

equivalent distortions (threefold symmetry, i.e. triple-q or 3Q mechanism), leads to an 

incommensurate structure close to 3×3. We conclude that the modulation of the single-layer 

NbSe2 is a strong-coupling CDW caused by electron-phonon coupling, as it has been 

proposed for the bulk16 and we previously discussed for single-layers.10 

We then performed structural optimizations imposing a 3×3 periodicity for the pristine 

as well as for several doping levels of single-layer NbSe2. We also checked that the phonon 

instability remains under doping: as we show in the Supplementary Information, the effect 

of doping does not change this picture qualitatively, although the precise shape of the 

unstable phonon branch and the position of the minimum experience some small changes. 

A summary of this study is reported in Figure 2. Up to six different modulations compatible 

with a 3×3 cell were found. One of the structures exhibits centered hexagonal clusters of 

Nb atoms and single Nb atoms in between (noted Hexagons in Figure 2). Another structure 

contains a continuous pattern of overlapping star-shaped Nb atom clusters (noted Stars in 

Figure 2) which coincides with the 3×3 modulation reported for the bulk.9 Two structures 

contain triangular clusters of 3 and 6 Nb atoms (T1 and T1’ in Figure 2) but whereas in T1 

the inner triangles of both clusters are centered by two Se atoms above and below the Nb 

atoms plane, in T1’ they are centered by hollows. Finally, two more structures contain a 
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continuous pattern of overlapping triangular clusters of 6 Nb atoms of two different types, 

with or without Nb-Nb short distances inside the large triangles (T2 and T2’ in Figure 2). 

Note that the six structures can be paired in three groups: Hexagons/Stars, T1/T2 and 

T1’/T2’ so that within each pair the short and long Nb-Nb bonds are interchanged. This 

suggests that the two structures within each pair may be interconverted as a function of 

doping. This is indeed the case for the T1/T2 and T1’/T2’ pairs where a relatively simple 

gradual change between the two structures is possible.  However, the Hexagons/Stars pair 

could not be exchanged due to their complex arrangement. Consequently, for a given 

carrier-density there are four different structures compatible with a 3×3 modulation. 

Remarkably, for most doping levels the energy difference between these structures is 

extremely small (between fractions of a meV and at most 2 meV) so that it is likely that 

some of the structures experimentally coexist. Let us stress that our calculations are carried 

out for a commensurate 3×3 CDW structure but the real modulation is incommensurate. As 

a consequence of this fact and the very small energy differences, the data in Figure 2a 

should be only taken as suggesting that some of these structures may coexist in real 

samples and weak changes in doping, strain or internal pressure of the crystal may alter 

such coexistence. 
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Figure 2: Different modulations compatible with a 3×3 periodicity and their relative energies for 

single-layer NbSe2 as a function of external doping (in electrons per formula unit; negative values 

indicate electron doping). For a given doping value the energy (in meV per formula unit) is 

given with respect to the optimized non distorted system for the same doping level. Nb-Nb 

contacts shorter than in the average structure are those shown in the structural

drawings.  Nb-Nb bonds smaller than the lattice constants are marked with green lines to visualize 

the different modulations.
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We have performed the analysis of the stability of the six different structures with 3×3 

periodicity by obtaining the phonon frequencies. As some of the phases are only stable 

under charge doping, the frequencies were obtained using two doping values: 0 and -0.25 

e/f.u.  For no doping, we find that the hexagons, T1 and T1' structures are stable and show 

no imaginary frequencies, while the stars phase does show three imaginary frequencies, in 

agreement with the previous works.11,12  For the case of -0.25 e/f.u. doping, we find that the 

T2, T2' and stars phases are stable, while the hexagons phase has three imaginary 

frequencies. We note that this is consistent with the energy ordering of the phases as a 

function of doping in Figure 2: the phases which are found to have unstable modes are the 

ones with higher energies (stars for zero doping, and hexagons for -0.25 e/f.u. doping).

In order to experimentally explore the existence of these structural phases, we have 

imaged the surface of bulk 2H-NbSe2 with atomic resolution by means of scanning 

tunnelling microscopy (STM) at T = 1 K. Since both bulk and single-layer NbSe2 exhibit 

the same 3×3 CDW phase,7 we carried out our experiments in its bulk form due to the its 

much lower density of defects (grain boundaries and domain edges are not present in bulk), 

which might alter the energy landscape of the CDW phases. Furthermore, the purely two 

dimensional character of the CDW order in NbSe2 allows us to directly probe the existence 

of the structural phases predicted for single-layer NbSe2 in the bulk form. The analysis of 

tens of different regions of bulk NbSe2 led to identification of two different structural 

phases. Upper panel in Figure 3 shows two STM images of a representative region for 

unoccupied (Figure 3a) and occupied (Figure 3b) states. The STM images reveal the 

coexistence of two different phases (depicted in blue/yellow) separated by an Å-scale 

boundary (black dashed line). Although the two phases show the same 3×3 superlattice 

periodicity at both polarities, the relative intensity of the nine Se atoms of each 3×3 unit 

cell (blue and yellow cells) vary differently, thus giving rise to a unique pattern in each 

case. Figures 3c-f show close-up views of these patterns for the two phases at each polarity. 

Such unique patterns allowed us to compare both structural phases with simulated STM 

images from the six stable structures, within the Tersoff-Hamann approximation pattern 

(see the Supplementary Information for the images of the Hexagons, Stars and T1’ phases 

not shown in Figure 3).18 As a first result, the experimental phase labelled in blue can be 
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identified with the theoretical T2’. Figures 3g and 3i show the simulated STM images of 

this phase at ± 0.05 V that compare with the experimental STM images in Figures 3c and 

3e, respectively. The theoretical 3×3 unit cells reproduce the relative intensity of the Se 

atoms within the unit cells simultaneously for both polarities as well as their relative 

orientation. Regarding the yellow phase, it can be identified with either the T1 or T2 phases 

since they exhibit almost the same patterns at both polarities and, therefore, are practically 

indistinguishable.  Figures 3h and 3j show the simulated STM images for the T1 phase at ± 

0.05 V (those for T2 are almost identical) for comparison with the experimental ones in 

Figures 3d and 3f, respectively. Here, again, the patterns within the 3×3 unit cells show a 

good agreement between theory and experiment. We therefore assign the observed yellow 

(blue) phases to the T2’ and T1/T2 phases. Although this is the most likely correspondence 

between the experimental and theoretical phases, the blue phase can also be identified as 

the Stars phase according to the superlattice. However, this would imply a rotation of 180° 

of the crystal lattice with respect to the T1/T2 phase and, therefore, their mutual 

coexistence is not compatible in light of the experimental data.

In summary, on the basis of first-principles DFT calculations six different structures 

are found to be compatible with the 3×3 CDW structure of NbSe2. All these structures are 

found to coexist in a very narrow energy range of 2-3 meV. Their relative stability can be 

subtly altered by doping or strain. Imaging the surface of bulk 2H-NbSe2 with atomic 

resolution allowed us to identify two of these structures, as anticipated by our theoretical 

simulations. Intriguingly, these structures differ from the X-ray crystal structure reported 

for the bulk 3×3 CDW 9 which, in fact, is also one of the six DFT structures located for the 

single-layer (Stars in Figure 2). Preliminary calculations for slabs with a different number 

of layers suggest that the actual structure stabilized may change from layer to layer, i.e., the 

energetic preference may depend also on the internal pressure. The coexistence of different 

structures in 2H-NbSe2 has far-reaching consequences to fully understand the electronic 

ground state of 2H-NbSe2. Thus, experimental work on slabs with different number of 

layers is encouraged since it may provide important clues to understand the puzzling 

physics of this correlated material. 
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Figure 3. Unoccupied [+50 mV] (a) and occupied [-50 mV] (b) STM images (14 nm x 14 nm) of 

the same region of bulk 2H-NbSe2 showing the coexistence of two structural phases. The black 

dashed line represents the boundary between them. Parameters: (a) VS = 50 mV,  I = 0.5 nA and  

(b) VS = -50 mV, I = 0.5 nA. (c-f)  Zoom-in STM images from a and b of the two phases for 

unoccupied (c,d) and occupied (e,f) states. (g-j) Simulated STM images for both phases and bias 

polarities (VS = ± 50 mV).

Computational details. The geometrical optimizations, electronic and phonon band 

structures were carried out with  density functional theory (DFT)19,20  using a numerical 
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atomic orbitals approach implemented in the SIESTA code.21,22 We used the Perdew-Burke-

Ernzerhof (PBE) functional to account for the exchange-correlation energy.23 A split-

valence double-ζ basis set24 was used to describe the valence electrons wave function, while 

the core electrons were replaced by norm conserving scalar relativistic pseudopotentials25 

factorized in the Kleinman-Bylander form.26  The 4p shell of Nb was included in the 

valence explicitly as semicore states. For a good description of the free standing layer, we 

placed the single layer in a vacuum space of 50 Å to avoid interactions between the layer 

and its images. We used an energy cutoff of 2500 Ry for the real space integration. A 

tolerance of 10−5 and 10−4 on the density matrix and total energy, respectively, was used in 

order to attain the convergence of the self-consistency cycle. Geometrical optimization 

calculations were performed to ensure a maximum atomic force of 4×10−3 eV/Å−1. A 

Monkhorst-Pack27 k-point grid of 72×72×1 was used to account for the sampling of the 

Brillouin zone of the minimum unit cell and it was scaled accordingly where supercell 

calculations were performed. Phonon calculations were done using the finite difference 

method. In the case of the phonon band structure calculations, a k-point grid of 120×120×1 

per minimum unit cell and a 5×10−3 eV Fermi-Dirac smearing were used. 

Experimental details. Bulk NbSe2 crystals were cleaved under Ultra-High Vacuum 

(UHV) conditions, and subsequently transferred in-situ  into a SPECS GmbH Low-

Temperature STM for imaging at T = 1.2 K. STM/STS analysis and rendering was done 

using the WSxM software.28
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