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Transition metal dichalcogenides (TMDs) hosting multiple intertwined electronic orders provide 

an important platform for exploring the interplay between competing quantum phases. The non-

centrosymmetric 6R-TaS2 features an alternating stacking of 1T and 1H layers, integrating the 

electron correlation of the 1T phase, superconductivity of the 1H phase, and their distinct charge 

density wave (CDW) states within a single material. However, despite these rich ingredients, the 

microscopic interplay between CDW order and superconductivity in 6R-TaS2 remains largely 

unexplored. Here we report scanning tunneling microscopy/spectroscopy measurements on the 

1H surface of 6R-TaS2, revealing a spatially modulated superconducting gap. Fourier analysis 

uncovers two coexisting commensurate pair density wave (PDW) orders: an 1a0×1a0 

modulation locked to the atomic lattice and a 3a0×3a0 modulation intertwined with the CDW 

state. The coexistence of these two sets of PDWs indicates a strong coupling between 

superconductivity and the underlying electronic superstructures. Our results provide direct 

spectroscopic evidence for intertwined superconducting orders and establish 6R-TaS2 as a 

unique platform for investigating unconventional pairing states in layered quantum materials 
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Transition metal dichalcogenides (TMDs), particularly the Group V compounds MX2 (M = Nb, Ta; X 

= S, Se), provide an important platform for investigating the intricate interplay between charge density 

waves (CDWs) and superconductivity (SC) in low-dimensional systems.[1-3] Their electronic properties 

are highly sensitive to structural polymorphs, dimensionality, and electronic correlations. For instance, 

the 2H-polytypes, such as 2H-NbSe2 and 2H-TaS2, represent prototypical systems where CDW and 

SC coexist, raising long-standing questions about whether these orders compete or cooperate.[4-6] In 

contrast, the 1T-polytypes, most notably 1T-TaS2 and 1T-TaSe2, host robust commensurate CDW 

states[7] driven by strong electron-phonon coupling and electronic correlations, which can further give 

rise to Mott insulating phases and quantum spin-liquid candidates.[8-12]  

Beyond these conventional broken-symmetry states, the search for intertwined electronic orders, where 

multiple order parameters are intimately coupled, has attracted significant interest. Pair density wave 

(PDW) is one such exotic superconducting state, characterized by a periodic spatial modulation of the 

superconducting order parameter, which is often found intertwined with charge density wave 

instabilities. A particularly attractive platform is provided by mixed-polytype compounds with 

alternating layer stacking. 4Hb-TaS2 integrates the strongly correlated physics of 1T layers[13-15] with 

the superconductivity of 1H layers,[16] giving rise to a variety of emergent phenomena including time-

reversal symmetry breaking (TRSB)[17] and signatures of topological superconductivity.[18,19] Building 

on these findings, the non-centrosymmetric 6R-TaS2 provides a distinct intrinsic platform. While it 

also features alternating 1T/1H stacking, the absence of inversion symmetry fundamentally 

differentiates it from the centrosymmetric 4Hb phase.[20-25] Such broken inversion symmetry can lead 

to unconventional superconducting order parameters, including an admixture of spin-singlet and spin-

triplet pairing states.[26-28] The mixed-parity states have been proposed to host exotic phenomena such 

as topological superconductivity and Majorana zero modes.[29-33] Despite these intriguing prospects, 

the microscopic interplay between CDW order and superconductivity in 6R-TaS2 remains largely 

unexplored. Recent macroscopic transport measurements have established that 6R-TaS2 undergoes a 

robust CDW transition at TCDW ~ 299 K, followed by a superconducting transition at TC ~1.94 K.[22] 

In this letter, we report the direct visualization of intertwined electronic orders in the non-

centrosymmetric van der Waals superlattice 6R-TaS2 using ultra-low temperature STM/S. 

Spectroscopic imaging on the 1H termination reveals a spatially modulated superconducting gap. A
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Fourier analysis uncovers two coexisting commensurate pair density wave orders, consisting of an 

1a0×1a0 modulation locked to the atomic lattice and a 3a0×3a0 modulation intertwined with the 

CDW states. These results reveal a strong coupling between superconductivity and the underlying 

electronic superstructures and establish 6R-TaS2 as a unique platform for exploring intertwined 

superconducting orders in non-centrosymmetric systems. 

The 6R-TaS2 crystallizes in a rhombohedral structure with the R3m space group, characterized by a 

unique alternating stacking sequence of 1T and 1H layers along the c-axis.[34] As schematically 

illustrated in Fig. 1(a), where the blue and orange spheres represent Ta and S atoms respectively, this 

heterogeneous stacking provides an intriguing platform for investigating the interplay between distinct 

electronic orders within a single crystal. Upon in-situ cleavage at cryogenic temperatures, the crystal 

tends to break between the weakly bonded S-S layers, allowing two distinct terminating surfaces to be 

identified by scanning tunneling microscopy (STM). 

 

Fig. 1. Crystal structure and STM characterization of the cleaved surfaces of 6R-TaS2. (a) Schematic crystal 

structure of 6R-TaS2, showing the alternating stacking of 1T and 1H layers along the c-axis. Blue and orange 

spheres represent Ta and S atoms, respectively. (b) Atomically resolved STM topographic image of the cleaved 

1H surface (Vs=-90 mV, It=1 nA). (c) Zoomed-in view of the red dashed box in (b) with atomic lattice overlay. 

(d) Fourier transform (FFT) pattern of (b), marking the atomic Bragg (blue circles) and 3 × 3 CDW (red circles) 

peaks. (e) STM topography of the 1T surface exhibiting characteristic Star-of-David clusters (Vs =-50 mV, It =1 

nA). (f) Zoomed-in view of the red dashed box in (e). (g) FT pattern of (e), clearly showing the Bragg (blue 

circles) and the √13×√13 CDW (red) peaks. A
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The 1H terminating surface exhibits a well-defined hexagonal atomic lattice in the topographic image 

(Fig. 1(b)). A high-resolution, zoomed-in view in Fig. 1(c) clearly resolves the triangular arrangement 

of the topmost S atoms. The corresponding Fourier transform (FT) image displays sharp Bragg peaks 

(indicated by blue circles) associated with the atomic lattice (Fig. 1(d)). Notably, additional 3×3 

superlattice peaks (marked by red circles) are observed, which are attributed to the charge density wave 

instability inherent to the 1H surface. The CDW superstructure feature is also clearly resolved in 

differential conductance pattern (Fig. S1). In contrast, the 1T surface displays the characteristic Star-

of-David (SoD) clusters (Figs. 1(e) and 1(f)), a hallmark of the strong electron-electron correlation. 

The FT image of the 1T surface (Fig. 1(g)) exhibits a more complex diffraction symmetry, where the 

√13×√13 CDW peaks (red circles) appear alongside the primary Bragg peaks. These observations 

confirm the high quality of the 6R-TaS2 single crystals and the layer-dependent electronic structures. 

Having characterized the surface morphology and charge orders, we now turn to the local electronic 

structure of the 1H surface using scanning tunneling spectroscopy (STS). To obtain a comprehensive 

understanding of the local density of states (LDOS) near the Fermi level (EF), we first performed 

spectroscopic measurements over a wide energy range. Figure 2(a) displays a typical STM topographic 

image, with the red arrow indicating the location of the spectroscopic line profile. The spatial evolution 

of the differential conductance spectra along this path is presented in the waterfall plot in Fig. 2(b) and 

the corresponding intensity map in Fig. 2(c). As shown in the averaged spectrum (red curve in Fig. 

2(d)), the wide-range LDOS exhibits a pronounced V-shaped background with finite conductance at 

zero bias. This suppression of DOS near EF is characteristic of the metallic state of 1H-TaS2 under the 

influence of the CDW gap of approximately 100 meV, consistent with the previously reported 

spectroscopic feature in 1H-TaS2
[19] and 2H-TaS2.

[35,36] 

To investigate the superconducting gap, we performed high-resolution atomic-scale STS 

measurements within a narrow energy window (±5 mV). Figure 2(e) displays the topography for this 

low-energy survey, where the red arrow indicates the spectroscopic line profile. The resulting spatial 

evolution of the spectra (Fig. 2(f),(g)) unambiguously demonstrates the existence of a robust and 

uniform energy gap at the Fermi level along the line profile, indicating a coherent superconducting 
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condensate on the 1H surface. In stark contrast, high-resolution STS on the 1T surface reveals no 

superconducting gap but rather a Kondo-like feature (Fig. S2), further confirming that the 

superconducting condensate is strictly confined to the 1H layers. A detailed inspection of the averaged 

low-energy spectrum in Fig. 2(h) reveals a V-shaped gap feature. Beyond the superconducting gap at 

ultra-low energy, a shoulder-like feature is resolved near -2 mV (Fig. 2(h) and Fig. S3), which might 

be related to a hidden magnetic order. Recent transport studies on 6R-TaS2 revealed that this hidden 

magnetism involves a giant anomalous Hall effect and Kondo screening arising from the coupling 

between 1T and 1H layers.[22] This feature likely represents a spectroscopic signature of localized 

magnetic moments or Kondo hybridization, suggesting a nontrivial interplay between the 

superconducting condensate and underlying magnetic correlations. 

 

Fig. 2. Spatially resolved differential conductance spectra of the 1H surface. (a) Typical STM topography of 1H 

surface. (b),(c) Waterfall plot and intensity map of the wide-range dI/dV spectra acquired along the red arrow in 

(a). (d) Averaged wide-range spectrum (red) and the individual spectrum (gray). (e) Another typical STM 

topography of 1H surface. (f),(g), High-resolution waterfall plot and intensity map of the low-energy dI/dV 

spectra along the red arrow in (e). (h) Averaged superconducting spectrum (red) and the individual spectrum 

(gray). The blue arrows mark the superconductivity coherence peaks. 
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To further elucidate the microscopic nature of the superconducting state and its interplay with the 

underlying lattice potential, we performed a detailed spatially resolved spectroscopic survey on the 1H 

surface. Fig. 3(a) displays the atomically resolved STM topography, with the red arrow indicating the 

trajectory of the high-resolution dI/dV linecut. The spatial evolution of the superconducting gap is 

visualized in the waterfall plot (Fig. 3(b)) and the corresponding color-coded intensity map (Fig. 3(c) 

and Fig. S4). The dI/dV spectra exhibit a V-shaped superconducting gap, which signifies a deviation 

from conventional BCS behavior.[37] Considering the globally broken inversion symmetry in 6R-TaS2, 

a mixed-parity pairing state possibly account for the observed nodal-like spectroscopic features. 

Theoretically, the lack of inversion symmetry permits an admixture of spin-singlet and spin-triplet 

pairing states[26-28]; the resulting triplet component can naturally give rise to the observed V-shape 

features. Furthermore, the possible existence of a hidden order suggests the potential for time-reversal 

symmetry breaking (TRSB) and a chiral order parameter, highlighting the exotic nature of 

superconductivity in this system. 

A closer inspection of the spectra reveals a distinct periodic modulation in the energy positions of the 

coherence peaks. To quantify this gap modulation, we precisely tracked the energy of the coherence 

peaks for each spectrum along the trajectory. Figure 3(d) presents a zoomed-in view of the coherence 

peaks; the red dots marking the peak maxima clearly highlight the oscillatory behavior of the gap. To 

establish a baseline for the pairing strength, the spatially averaged tunneling spectrum (Fig. 3(e)) was 

symmetrized and analyzed using a standard Dynes function fitting, which accounts for thermal 

broadening and finite quasiparticle lifetime effects. The local superconducting gap sizes ( Δ(r) ), 

extracted from the individual spectra by identifying peak locations, are plotted as a function of spatial 

distance in Fig. 3(f). The data exhibits a striking atomic-scale oscillation (blue dots) that is well 

reproduced by a sinusoidal fitting function (solid line), demonstrating that the superconducting order 

parameter is not uniform but spatially modulated. 

To quantify the precise periodicity of this modulation, we performed a one-dimensional Fourier 

transform (1D-FT) of the spatial gap profile. The resulting power spectrum exhibits a dominant peak 

at qBragg, corresponding to the atomic Bragg wave vector (Fig. 3(g)). This reveals a superconducting 

gap modulation commensurate with the atomic lattice (1a0 periodicity), a hallmark of a commensurate 

PDW order. Unlike conventional charge density waves that modulate the local charge density, this state A
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involves a direct spatial modulation of the superconducting order parameter itself, thereby intrinsically 

breaking translational symmetry of cooper pair density. The robust persistence of this spatial 

modulation at elevated temperatures confirms it as an intrinsic thermodynamic phase rather than a 

disorder-induced inhomogeneity. The presence of such a commensurate PDW on the 1H surface of 

6R-TaS2 implies a robust coupling between the superconducting condensate and the periodic atomic 

potential, pointing toward an unconventional mechanism for the coexistence of the intertwined CDW 

and PDW states. 

The microscopic origin of PDW and its relationship with CDW remains a subject of intense debate[38,39]. 

PDW orders have been reported in diverse systems, including high-Tc cuprates[40], kagome 

superconductors AV3Sb5 (A = K, Rb, Cs)[41-45], the heavy Fermion superconductor UTe2
[46], and 

stoichiometric TMDs such as 2H-NbSe2
[47,48], where the PDW state is often induced by the underlying 

CDW order. Furthermore, recent advances have uncovered intrinsic pair density wave, pair density 

modulation states, as well as their interplay with other quantum phases in iron-based 

superconductors.[49,50] Sublattice cooper-pair density waves have also been identified in monolayer 

1T’-MoTe2.
[51] These discoveries highlight the universality of this phenomenon in systems with strong 

density wave instabilities. Compared to cuprates and iron-based superconductors where PDW states 

are often entangled with complex spin degrees of freedom, or the centrosymmetric 2H-NbSe₂, the non-

centrosymmetric 6R-TaS₂ offers a distinct platform. While a similar 3a0×3a0 PDW might intrinsically 

exist in bulk 2H- or isolated 1H-TaS2(as demonstrated in the structurally analogous 2H-NbSe2
[48]), its 

experimental observation remains elusive, likely demanding extreme measurement conditions. In 6R-

TaS2, its alternating 1T/1H stacking and broken inversion symmetry provide a clean environment to 

explore intertwined electronic orders; because the non-superconducting 1T layers physically isolate 

the adjacent 1H planes, the observed PDW is an intrinsic bulk property whose manifestation 

fundamentally reflects the quasi-2D superconducting nature of the 1H layers. Most notably, while a 

1a0×1a0 gap modulation has been reported in iron-based superconductors[50], the observation of such 

an atomic-lattice-commensurate 1a0×1a0 PDW is unprecedented in TMDs. The unique coexistence of 

this 1a0×1a0 state with the 3a0×3a0 PDW further distinguishes 6R-TaS₂ from conventional systems. 

Crucially, a closer inspection of Fig. 3(f) reveals a deviation from the simple 1a0 modulation. This 

subtle feature motivates further high-resolution investigations to elucidate the specific interplay 
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between the gap modulation and the CDW order. 

 

Fig. 3. Observation of 1a0 PDW order on the 1H surface. (a) Atomically resolved STM topography of 1H surface 

(Vs=-90 mV, It=1 nA). (b),(c), Waterfall plot and intensity map of the dI/dV spectra measured along the red arrow, 

displaying spatial variation of the superconducting gap. (d) Zoomed-in view of the coherence peaks, with red 

dots tracking the peak positions to highlight the gap modulation. (e) Spatially averaged tunneling spectrum 

(circles) fitted with a standard Dynes function (blue curve). (f) Spatial evolution of the superconducting gap 

size Δ (blue dots) and the corresponding sinusoidal fitting (solid line). (g) 1D Fourier transform of the gap 

modulation profile, exhibiting a peak corresponding to the 1a0 PDW order. 
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with a structural model, where blue spheres represent Ta atoms and orange spheres represent S atoms. 

Evidently, the largest superconducting gap occurs at the Ta sites. While the topography and 

conductance maps are dominated by the atomic lattice and the characteristic 3×3 CDW modulation, 

the gap map directly reveals the intrinsic spatial texture of the superconducting order parameter. 

To quantify the periodicities present in these electronic channels, we performed Fourier transform (FT) 

analyses of the real-space data. The corresponding reciprocal-space patterns are shown in Figs. 4(d)-

4(f). To minimize residual drift originating from temperature fluctuations, the FT images were 

processed using drift correction followed by six-fold symmetrization. As expected, the FT of the 

topography (Fig. 4(d)) displays sharp atomic Bragg peaks together with the CDW superlattice vectors. 

In contrast, the FT of the superconducting gap map (Fig. 4(f)) exhibits a richer structure. 

To analyze these periodicities quantitatively, we extracted linecut intensity profiles along the Bragg-

peak direction from the six-fold symmetrized FT images (Fig. 4(g)). The resulting profile reveals 

pronounced peaks at both q/qBragg≈1/3 and q/qBragg≈1. The peak at q/qBragg≈1 indicates a commensurate 

a0×a0 PDW tied to the lattice, while the additional peak at q/qBragg≈1/3 provides direct evidence for a 

3a0×3a0 PDW component. The latter is commensurate with the CDW superlattice, suggesting that the 

superconducting order parameter is modulated simultaneously by the crystal lattice and the electronic 

superstructure. These observations collectively demonstrate the coexistence of 1a0×1a0  and 

3a0×3a0 PDW orders, providing compelling evidence for the intertwined nature of charge order and 

superconductivity in 6R-TaS2. 

The discovery of spatially modulated superconducting states in 6R-TaS2 offers an important 

perspective on the coexistence of charge density waves and pair density waves superconductivity. In 

particular, the presence of the 3a0 modulation demonstrates that the superconducting order parameter 

is spatially locked to the CDW wave vector, consistent with theoretical proposals in which CDW order 

can induce PDW components.[52,53] To further elucidate the nature of this intertwining, we consider the 

distinct phase signatures identified in other systems. For example, in the kagome superconductor 

CsV3Sb5, a 4a0/3 roton PDW is proposed as a primary state responsible for the pseudogap , where the 

coherence peak height P(r) and zero-bias conductance G0(r) exhibit a characteristic out-of-phase 

spatial modulation.[41] In contrast, in 2H-NbSe2, the PDW is deeply entangled with the CDW 

configurations; phase analysis reveals that the superconducting gap size Δ(𝑟) oscillates in-phase with A
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the charge density while the coherence peak height H(r) presents a significant 2𝜋/3 phase shift.[48] Our 

6R-TaS2 system distinguishes itself by the simultaneous coexistence of atomic-lattice-locked (1a0×1a0) 

and CDW-commensurate (3a0×3a0) PDW orders, suggesting an exceptionally complex interplay that 

warrants further phase-sensitive investigation. By visualizing the intricate coupling between these 

orders, our results establish 6R-TaS2 as a promising system for investigating PDW physics. 

Furthermore, it highlights the potential of structural polymorphism in tuning electronic correlations, 

laying a foundation for exploring unconventional superconductivity in non-centrosymmetric quantum 

materials. 

 

Fig. 4. Coexistence of 1a0×1a0 and 3a0×3a0 PDW orders. (a)-(c), Topography (Vs=-90 mV, It=1 nA), dI/dV 

map at 0.5 mV, and superconducting gap map acquired in the same field of view. The superimposed blue and 

orange dots mark the atomic lattice sites. (d)-(f), Corresponding Fourier transform (FT) patterns of the 

topography, dI/dV map, and gap map, respectively. The figures are initially drift-corrected and then symmetrized 

with six-fold symmetry. Locations of CDW(Bragg) points are indicated by blue(red) arrows, respectively. (g), 

Line-cut intensity profiles extracted from the 6-fold symmetrized FT images along the Bragg point direction. 

The observation of distinct peaks at both q/qBragg = 1 and q/qBragg = 1/3 provides evidence for the coexistence of 

1a0×1a0 and 3a0×3a0 PDW. 

 

In summary, we have utilized ultra-low temperature STM/S to visualize the electronic states of the van 

der Waals superlattice 6R-TaS2. Moving beyond structural characterization, our central finding is the 
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direct observation of a PDW state that is intimately intertwined with the CDW order. We demonstrated 

that the superconducting gap is not uniform but exhibits a robust spatial modulation that is locked 

simultaneously to both the atomic lattice (1a0×1a0) and the electronic superlattice (3a0×3a0). These 

results not only deepen our understanding of the cooperative interplay between CDW and 

superconductivity in TMDs but also highlight the potential of 6R-TaS2 for realizing exotic quantum 

states.  
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Experimental details 

Single-crystal growth  

High-quality 6R-TaS2 single crystals were synthesized by using Chemical Vapor Transport techniques, 

with NH4Cl as the transport agent. A 6R-TaS2 crystal was mounted on an STM sample holder in a 

glove box and transferred to an ultra-high vacuum chamber. The crystal was cleaved in-situ at room 

temperature, and then immediately transferred to an STM scanner. 

STM/S experiments  

The STM/S measurements were conducted in an ultra low temperature STM system equipped with 9-

2-2 T vectorial magnets. Tungsten tips were etched chemically and calibrated on Au(111) surfaces 

before use. The dI/dV spectra and maps were obtained by a standard lock-in technique with modulation 

voltage of 5 mV in Fig. 2(b) and 50 μV in Figs. 2(f), 3 and 4 at 973.1 Hz. All the images and dI/dV 

maps were taken at 30 mK. 
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