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Abstract 

 Single layers of transition metal dichalcogenides (TMDCs) are excellent candidates for 

electronic applications beyond the graphene platform; many of them exhibit novel properties 

including charge density waves (CDWs) and magnetic ordering. CDWs in these single layers are 

generally a planar projection of the corresponding bulk CDWs because of the quasi-two-

dimensional nature of TMDCs; a different CDW symmetry is unexpected. We report herein the 

successful creation of pristine single-layer VSe2, which shows a ሺ√7 ൈ √3ሻ CDW in contrast to 

the (4  ൈ 4 ) CDW for the layers in bulk VSe2. Angle-resolved photoemission spectroscopy 

(ARPES) from the single layer shows a sizable (√7 ൈ √3) CDW gap of ~100 meV at the zone 

boundary, a 220 K CDW transition temperature twice the bulk value, and no ferromagnetic 

exchange splitting as predicated by theory. This robust CDW with an exotic broken symmetry as 

the ground state is explained via a first-principles analysis. The results illustrate a unique CDW 

phenomenon in the two-dimensional limit. 
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Two-dimensional (2D) systems have attracted great interest for their wide varieties of 

novel properties well suited for advanced electronic applications [1-7]. Specifically, single 

layers of TMDCs are excellent exploratory candidates that offer huge choices of material types 

including semiconductors, semimetals, metals, magnetic systems, superconductors, quantum 

spin Hall insulators, and other topologically nontrivial systems. CDW is a common 

phenomenon in bulk and ultrathin TMDCs because their (quasi-)2D structures tend to suppress 

electronic screening while enhance the effects of Fermi surface nesting, electron-phonon 

coupling, and electron-electron correlation. It is of broad interest as CDWs can entangle or 

compete with other ordering phenomena. While CDWs have been investigated for decades, 

there is not yet a single definitive universal theory that conclusively explains all observed 

phenomena [8-12]. Of all such materials, VSe2 is of special interest because of its unusually 

long wavelengths for its (4 ൈ 4 ൈ 3) CDW in the bulk below transition temperature TC = 110 K 

[13-15]. Prior experiments suggested 3D Fermi surface nesting as a mechanism for the bulk 

CDW [16-17], but recent theoretical calculations suggested electron-phonon coupling as a key 

factor [18].  

CDWs in single layers of TMDCs are generally a planar projection of the corresponding 

bulk CDWs because of the quasi-two-dimensional nature of TMDCs; a different CDW 

symmetry is unexpected [6, 7, 19, 20]. Our study presented herein of single-layer VSe2 shows a ሺ√7 ൈ √3ሻ CDW in contrast to the (4 ൈ 4) CDW for the layers in bulk VSe2. This drastically 

altered symmetry type involving a spontaneous breaking of the triangular crystal symmetry 

presents an exceptional case. It is also intriguing that the observed 220 K CDW transition 

temperature in the single layer is twice the bulk value. We looked for, but found no evidence 

for the theoretically predicted room-temperature ferromagnetic ground state with a large 
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exchange splitting for the single layer [21, 22], which is likely suppressed by the strongly 

competing CDW order. Our results are contrasted by a recent report of a ferromagnetic 

response of a single layer capped under Se [23]; the differences suggest strong environmental 

effects.   

In our experiment, VSe2 thin films were grown in situ in the integrated MBE/ARPES 

systems at beamlines 12.0.1 and 10.0.1, Advanced Light Sources, Lawrence Berkeley National 

Laboratory. Substrates of 6H-SiC(0001) were flash-annealed for multiple cycles to form a well-

ordered bilayer graphene on the surface [24]. Films of VSe2 were grown on top of the substrate 

while the substrate was maintained at 230 °C; the resulting interface was incommensurate but 

the orientational crystallographic alignment was maintained between the overlayer and the 

substrate. Bulk VSe2 samples were prepared by cleavage to expose a fresh surface. ARPES 

measurements were performed with an energy resolution of <20 meV and an angular resolution 

of 0.2°. The Fermi level is determined by fitting ARPES spectra from a polycrystalline gold 

sample. For STM/STS measurements, the samples after characterization by ARPES were 

capped with a 20-nm layer of Se for protection. The protective Se layer was thermally desorbed 

at 180 °C before measurements using an Omicron LTSTM instrument and freshly flashed 

tungsten tips. Calculations were performed using the Vienna ab initio package (VASP) [25-27] 

with the projector augmented wave method [28, 29]. A plane-wave energy cut-off of 320 eV 

and an 18x18x1 k-mesh were employed. The generalized gradient approximation (GGA) with 

the Perdew-Burke-Ernzerhof (PBE) functional [30] was used for structural optimization of 

single-layer VSe2. Freestanding films were modeled with a 20-Å vacuum gap between adjacent 

layers in the supercell. The fully optimized in-plane lattice constant for single layer 1T VSe2 is 

a = 3.35 Å. Phonon calculations were carried out using the supercell method as implemented in 
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the Phonopy package [31]. A higher energy cutoff of 550 eV and a denser 28x28x1 k-mesh 

were used to ensure converged phonon results. Band unfolding was performed using the 

BandUP code [32, 33]. 

The structure of single-layer VSe2 [Fig. 1(a)] in the normal phase consists of a triangular 

planar net of V atoms sandwiched between two Se atomic layers. Sharp reflection-high-energy-

electron diffraction (RHEED) patterns [Fig. 1(b)] reveal a high-quality and well-ordered single 

layer of VSe2. Bulk VSe2 is formed by vertically stacking the single layers with van der Waals 

bonding. Topographic images from scanning tunneling microscopy (STM) taken at 77 K reveal 

a (√7 ൈ √3) CDW structure [Fig. 1(c)]. The Fourier transform of an image [Fig. 1(d)] shows 

intense (1 ൈ 1) primitive lattice spots and (√7 ൈ √3) superlattice spots. The 2D Brillouin zones 

of the ( 1 ൈ 1 ) normal phase and the ( √7 ൈ √3 ) CDW phase are shown in Fig. 1(e). 

Spontaneous triangular symmetry breaking in the CDW phase leads to three domain 

orientations at 120° apart as observed by STM over different parts of the sample. The STM 

image in Fig. 1(c) was taken from a single domain.   

ARPES along the ΓMതതതത direction from a single-layer sample in the CDW phase at 10 K 

[Fig. 1(f)] shows hole-like bands centered at the Γത point that are primarily derived from the Se 

4p states. The experimental dispersion relations are in excellent agreement with theory [Fig. 

1(g)], and the sharpness of the band features indicates excellent sample quality over the 

macroscopic ARPES probing area (20×100 μm2). While the system is in the CDW state, no 

folded band features are evident in the data, indicating a weak superlattice distortion in the 

CDW phase. The single-layer film thickness is determined by the method described in [34] and 

by STM measurements. Additional ARPES mapping [35] with a variety of photon energies and 

polarization configurations for sample temperatures as low as 10 K, much lower than the 
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predicted Curie temperature, reveals within our resolution of 20 meV no detectable 

ferromagnetic exchange band splittings, which are predicted to be on the order of 0.5 eV [21, 

22]. We conclude that our pristine films are not ferromagnetic.  

Fermi surface maps in k space for the single layer taken at T = 300 and 10 K [Figs. 2(a) 

and 2(b), respectively] reveal differences caused by the CDW transition. The map in the normal 

phase (300 K) shows a hexagram-shaped hole pocket around the zone center and ellipse-shaped 

electron pockets centered about the M  points. With the single layer deep in the CDW state at 

10 K, the Fermi surface maps develop dark spots around the elliptical electron pockets, which 

are indicative of gap formation at the Fermi level. Note that the two long sides of each elliptical 

pocket in the normal phase are almost straight and nearly parallel. This geometry offers an 

excellent nesting condition, and the nesting vector is indicated in Fig. 2(a) by a red arrow q1. 

Such nesting is expected to give rise to a CDW-modulated lattice with the reciprocal lattice 

defined by basis vectors q1 and q2 as indicated in Fig. 2(a). The length of q1 closely matches 

3/5ΓKതതതത , which is exactly the condition for the formation of a (√7 ൈ √3) CDW-modulated 

structure; the geometric relationship is illustrated in Fig. 1(e), where q1 and q2 are related to the 

reciprocal lattice vectors b1 and b2 for the (1 ൈ 1) lattice by b1 = 2q1 – q2 and b2 = q1 + 2q2. 

For comparison, measured Fermi surface maps for bulk VSe2 at 300 and 10 K are shown 

in Figs. 2(c) and 2(d), respectively. The results are overall similar to the single-layer case, but 

the width of the pocket is smaller by about 16%. This difference upsets the (√7 ൈ √3) nesting 

condition for the single layer, and the CDW modulation of the Fermi surface seen for the single 

layer is not observed for the bulk sample. Indeed, the CDW structure of bulk VSe2 adopts a 

(4 ൈ 4 ൈ 3) symmetry instead, which has been examined and analyzed in great detail in prior 

studies [16, 17].  
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To further characterize the gap for the single layer as revealed by the CDW-induced dark 

spots in the Fermi contours, we plot measured E-k ARPES maps along the MKതതതതത direction for the 

single layer at 10 and 300 K [Fig. 3(a)]. A V-shaped band is seen, which is primarily derived 

from the V 3d states. The two branches of the V cross the Fermi level in the normal phase, but 

gaps form in the CDW phase, as illustrated by the ARPES maps obtained by symmetrization in 

energy about the Fermi level [Fig. 3(b)]. Clearly seen for the CDW phase at 10 K is a gap of 

~100 meV at the Fermi level, but not for the normal phase at 300 K. By contrast, the bands 

around the zone center show no indication of a gap [34]. Calculated band structures for the 

(1 ൈ 1) normal phase and the energy-optimize (√7 ൈ √3) CDW phase are shown in Fig. 3(c), 

where the (√7 ൈ √3) band structure has been "unfolded" back into the (1 ൈ 1) zone for easy 

comparison. The main difference between the two phases is a CDW gap of 80 meV for the V-

shaped V 3d band at the Fermi level. This theoretical gap value is close to, but smaller than, the 

experimental value of 100 meV; however, such density functional calculations do not necessarily 

yield accurate band gaps. A similar analysis for bulk VSe2 shows no CDW gaps at 10 K for the 

V-shaped V 3d bands along MKതതതതത [Fig. 3(d)] and other high symmetry paths in the Brillouin zone 

[35]. Our results are consistent with a prior STM study of bulk VSe2 [36]. Although a prior 

ARPES study of the bulk suggested a "gap" of ~40 meV, the spectral features could be attributed 

instead to a reduction of the spectral function near the Fermi level [16].  

The transition temperature of the CDW is of interest. Figure 4(a) shows the symmetrized 

energy distribution curves (EDCs) at different temperatures taken at the gap location in 

momentum space [Fig 3(b)]. The evolution of the line shape from 300 to 10 K is consistent with 

a peak splitting into two peaks separated by the CDW gap, while simultaneously the peak width 

diminishes because of reduced thermal broadening at lower temperatures. The energy gap is 
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extracted by fitting each symmetrized EDC with a phenomenological self-energy expression 

,ܓሺܣ     :[37] ߱ሻ ൌ ஻ሺܓሻగ I୫ ∑ሺܓ,ఠሻሾఠିఢሺܓሻିRୣ ∑ሺܓ,ఠሻሿమାሾI୫ ∑ሺܓ,ఠሻሿమ                         (1) 

 ∑ሺܓ, ߱ሻ ൌ  െ݅Γଵ ൅ ୼మሾఠାఢሺܓሻା௜୻బሿ        (2) 

where ܣሺܓ, ߱ሻ is the spectra function, ܤሺܓሻ is the corresponding weight, ∑ሺܓ, ߱ሻ is the self 

energy, and Δ is the gap. An example of the fit to the EDC at 10 K is shown in Fig. 4(b) and the 

gap is determined to be 101 ± 5 meV. The square of the extracted energy gap, plotted as a 

function of T [Fig. 4(c)], is fitted to a mean-field gap equation for second-order phase 

transitions [7]: 

Δଶሺܶሻ ן tanhଶ ሺܣට்C் െ 1ሻΘሺ Cܶ െ ܶሻ      (3) 
where A = 1.19 is a proportional constant and Θ is the unit step function. The result of the fit, 

shown as the blue curve in Fig. 4(c), yields a CDW transition temperature of TC = 220 ± 5K. 

This single-layer transition temperature is twice the bulk transition temperature (110 K). Prior 

studies of nanoscale and single-layer VSe2 samples have reported conflicting observations of 

both enhanced and reduced TC [21, 23, 38], which might be related to different sample 

preparation methods, varied sample sizes, and different sample environments [36]. Other 

materials including TiSe2 and NbSe2 also show higher TC for the single layer than the bulk [5,7], 

but VSe2 is the only case where the single-layer CDW symmetry is not a simple planer 

projection of the bulk CDW symmetry.  

Based on our first-principles calculations, the total energy for (√7 ൈ √3) is lower by 4 

meV per chemical unit than the (4 ൈ 4) structure, after energy minimization for both. The 
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calculated electronic susceptibility and nesting function for the single layer reveal strong features 

at q1 and q2 associated with the (√7 ൈ √3) instability [35] in agreement with our ARPES 

measurements, but these features are generally lacking for the bulk. The computed phonon 

dispersion relations for the (1 ൈ 1) phase show imaginary modes at the (√7 ൈ √3) CDW q1 

wavevectors, but they also show imaginary modes at wavevectors between Γത and Mഥ  related to a 

(4 ൈ 4) distortion [35]. Evidently, the imaginary modes at q1 dominate, causing the formation of 

the (√7 ൈ √3) structure as the ground state.  

The total evidence based on both experiment and theory indicates that single-layer VSe2 is 

a Peierls system for which nearly perfect Fermi surface nesting over long segments of the Fermi 

contour leads to a robust CDW. The resulting (√7 ൈ √3 ) symmetry breaks the three-fold 

symmetry of the (1 ൈ 1) normal phase, and the CDW is characterized by strong features in the 

electronic susceptibility and nesting function and a corresponding phonon instability. Nearly 

ideal nesting is extremely rare in 2D and 3D systems. CDWs in single layers of TMDCs are 

generally a planar projection of the corresponding bulk CDWs. Single-layer VSe2 is a unique 

case; its ሺ√7 ൈ √3ሻ CDW in contrast to the (4 ൈ 4) CDW for the layers in bulk VSe2 involves a 

spontaneous breaking of the triangular crystal symmetry. This different behavior can be 

attributed to small differences in the Fermi contours in going from the single layer to the bulk. 

The sensitivity illustrates that closeness of Fermi surface nesting in 2D may have a strong 

influence on the energetics of the system, and it explains why the CDW transition temperature 

for the single layer is substantially higher than the bulk CDW. An interesting prospect for future 

research is to modify the Fermi contours in single-layer VSe2 by, for example, alloying, strain, 

and interfacial engineering, and thereby to create a 2D ferromagnet [39, 40] or other exotic 

phases. Our experiments also provide impetus for a more comprehensive theoretical analysis of 
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the competition between CDW and magnetic orders [41].          
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Note added.— During the review of this paper, a related study by Feng et al., with a later 

submission date, appeared in print [42], which reported a CDW gap in single layer VSe2 and an 

enhanced CDW transition temperature. Their findings are consistent with ours qualitatively. 

However, we find a different value of the transition temperature and only partial gaps. 
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FIG 1. Film structure, electronic band structure, and STM images of single-layer VSe2.  (a) 

Atomic structure of single-layer 1T VSe2. (b) A RHEED pattern taken at room temperature after 

single-layer VSe2 film growth. (c) A STM topographic image taken from single-layer VSe2 at 77 

K revealing (√7 ൈ √3) CDW modulation, as indicated by the blue solid line unit cell. The 

experimental conditions are: size 9.9 x 6.2 nm, sample bias -0.5 V, and tunneling current 0.5 nA. 

(d) Fourier transform of the STM image in (c). The (1 ൈ 1) zone and the (√7 ൈ √3) reciprocal 

lattice vectors are indicated. (e) Brillouin zones of the (1 ൈ 1) and (√7 ൈ √3) structures are 

outlined in blue and red, respectively. q1 and q2 are (√7 ൈ √3) primitive reciprocal lattice 

vectors. (f) An ARPES map along ΓMതതതതതത taken at 10 K. (g) Calculated band dispersion relations 

for the (1 ൈ 1) structure without spin polarization.  
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FIG 2. Fermi surfaces of single-layer and bulk VSe2 in the CDW and normal phases. (a) 

Measured Fermi surface contours of single-layer VSe2 in the normal phase at 300 K obtained by 

integrating the ARPES intensity over ±10 meV around the Fermi level. The blue hexagon 

indicates the first Brillouin zone; q1 and q2 indicate the (√7 ൈ √3) CDW wave vectors. (b) Fermi 

contours for the CDW phase at 10 K. Dark spots spanned by q1 are caused by nesting and CDW 

gap formation. [(c) and (d)] Fermi surface maps of bulk VSe2 in the normal phase at 300 K and 

the CDW phase at 10 K, respectively.  
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FIG 3. CDW gap opening in single-layer VSe2. (a) ARPES spectra along  MKതതതത for single-layer 

VSe2 in the normal phase at 300 K (upper panel) and the CDW phase at 10 K (lower panel). (b) 

Corresponding ARPES maps symmetrized in energy about the Fermi level show a gap in the 

CDW phase. The nesting vector q1 is shown as a red arrow. (c) Calculated band structure in the 

normal and CDW phases. The CDW gap is indicated. A zoom-in plot is shown at the bottom to 

show details. (d) ARPES spectra along the MK direction for bulk VSe2 at 10K (top panel). The 

symmetrized map (bottom panel) shows no gap.  
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FIG 4. Temperature dependence of the CDW gap and the transition temperature. (a) 

Symmetrized EDCs at the gap location at selected temperatures between 10 and 300 K. The 

evolution of the line shape is consistent with a peak splitting into two peaks separated by the 

CDW gap, while simultaneously the peak width diminishes because of reduced broadening at 

lower temperatures. The energy gap is extracted by fitting each symmetrized EDC with a 

phenomenological self-energy formula [26]. (b) An example of the fit shown as a red curve for 

the EDC obtained at 10 K. (c) The extracted temperature dependence of the square of the CDW 

gap. The blue curve is a fit using a mean-field equation. Transition temperature Tc is labeled.  
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