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Abstract: 

Charge density waves and negative differential resistance are seemingly unconnected 

physical phenomena. The former is an ordered quantum fluid of electrons, intensely 

investigated for its relation with superconductivity, while the latter receives much attention 

for its potential applications in electronics. Here we show that these two phenomena can not 

only coexist but also that the localized electronic states of the charge density wave are 

essential to induce negative differential resistance in a transition metal dichalcogenide, 1T-

TaS2. Using scanning tunneling microscopy and spectroscopy, we report the observation of 

negative differential resistance in the commensurate charge density wave state of 1T-TaS2. 

The observed phenomenon is explained by the interplay of interlayer and intra-layer 

tunneling with the participation of the atomically localized states of the charge density wave 

maxima and minima. We demonstrate that lattice defects can locally affect the coupling 

between the layers and are therefore a mechanism to realize NDR in these materials. 
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Introduction

Low dimensional materials such as transition metal dichalcogenides (TMDCs) have stimulated 

an intense interest due to the wide range of physical properties they exhibit

1,2,3, including novel quantum phenomena in 2D monolayers4, 2D multi-stack heterostructures5, 

as well as their potential applications6. Among these materials, 1T-TaS2 has attracted 

considerable attention as a result of its rich phase diagram1, which includes the formation of 

charge density waves (CDW)7,8,9,10,11,12. In 1T-TaS2, tantalum (Ta) atoms have octahedral 

coordination with the sulphur (S) atoms (Figure 1a) and a commensurate CDW phase develops 

at low temperatures. This commensurate CDW phase exhibits a complex lattice distortion13 

where the Ta atoms are arranged in groups of 13 atoms, a configuration typically referred to as 

the ‘Star-of-David’ structure (Figure 1b). Experimental and theoretical work demonstrated that 

the relative orientation of the orbitals within the 2D sheets of 1T-TaS2 with respect to those in 

successive layers can significantly modify the overlapping integrals across the material, leading 

to changes in the electronic properties of the system14,15. As a result, it was proposed that 

device applications could exploit such orbital order in the CDW phase of 1T-TaS2. 

Here we report the experimental observation of yet another intriguing phenomenon arising 

from the intricacies of the orbital order - a negative differential resistance (NDR) in 1T-TaS2. We 

further investigate the local electronic properties with tunneling spectroscopy and 

spectroscopic mapping, which provides unprecedented information at the atomic scale on CDW 

and the appearance of negative differential resistance. We present a model for understanding 

this phenomenon based on a balance between inter- and intralayer coupling of electronic 
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states that is sensitive to effects such as local stacking order, and the presence of defects or 

domain boundaries. 

Figure 1. 1T-TaS2 crystal structure. a, A 3-D structural model of 1T-TaS2 where S-Ta-S 
sandwiches are separated by vdW gaps. b, A ball model showing 3 types of atoms in the Ta 
layer labelled as a, b, and c. The star-of-David structure is indicated. c, Large area STM image 
showing CDW formation in 1T-TaS2 [Imaging parameters: Vt = 1V, It = 1 nA]. d, STM image 
showing Ta atoms in the CDW [Imaging parameters: Vt = 1V, It = 1 nA]. e, Formation of textured 
CDW faces and domains after applying voltage pulses and mechanical contact with the STM tip 
[Imaging parameters: Vt = 1V, It = 3 nA]. The circles indicate defects while the arrows indicate 
domain boundaries. f, Atomic scale STM image showing a CDW domain boundary after voltage 
pulsed induced manipulation with the STM tip [Imaging parameters: Vt = 1V, It = 1 nA].

The experiments were conducted on the surface of a freshly cleaved 1T-TaS2 in ultrahigh 

vacuum environment with a base pressure below 10-10 Torr and using a Createc low 

temperature scanning tunneling microscope (STM) system. For measurements, a freshly 

cleaved TaS2 crystal was introduced to the UHV chamber and then subsequently cooled down 

to 11 K for STM imaging and tunneling spectroscopy measurements. dI/dV tunneling 
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spectroscopy and spectroscopic maps were acquired with a lock-in amplifier with a voltage 

modulation of 5 to 20 meV and a frequency range of 750 Hz to 1 kHz. STM manipulations were 

performed by applying voltage pulses up to 4 V and by extending the ‘z’ piezo to achieve 

mechanical contact with the sample surface.

Results and discussion

Figure 1c presents an STM topographic image acquired on the surface of 1T-TaS2, where the 

observed periodic pattern is the well-known structure of a commensurate CDW 13 × 13 

phase. A highly resolved STM topograph of 1T-TaS2 (Figure 1d) reveals the detailed atomic 

structure of the CDW. Although the chalcogen atoms are located at the top surface layer in 

TMDCs, STM images near the Fermi level are generally contributed by the dz orbitals of the 

transition metal atoms pointing normal to the surface16. This assignment is in agreement with 

density of states calculations reported in the literature14,28,33. Figure 1d shows the periodic 

distortion forming the Star-of-David structure, within which one can distinguish 3 types of Ta 

atoms, a, b, and c, by their dissimilar intensities. The ‘a’ atoms are located at the CDW top sites 

with each ‘a’ atom surrounded by six ‘b’ atoms while the ‘c’ atoms are located at the valleys of 

the CDW, i.e. the CDW minima. The observed CDW lattice is commensurate and rotated ~13° 

from the underlying Ta lattice. 

The CDW structure of 1T-TaS2 is found to occasionally deviate from the ideal one described 

above. In fact, it can be deliberately altered by applying voltage pulses with an STM tip17. Figure 
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1e shows a topographic map of a 1T-TaS2 surface area decorated with domain networks after 

manipulation with the STM tip by applying 2.5 V voltage pulses. Such tip-induced manipulation

Figure 2. NDR region of 1T-TaS2. a, STM image of 1T-TaS2 region after tip sample mechanical 
contact at left (indicated with white arrow). The green rectangular region is where the 
spectroscopy data are acquired [Imaging parameters: Vt = 1V, It = 1 nA].  b, dI/dV spectroscopy 
data averaged over all three atom sites of 1T-TaS2. The Mott gap is indicated with an arrow. c, 
dI/dV spectroscopic data corresponding to CDW top (light green) and valley (yellow) sites. The 
average dI/dV data of the CDW top and valley are shown as green and orange plots. d, Average 
I-V data of CDW top sites. The arrow indicates the NDR region. e, dI/dV spectroscopic maps 
corresponding to bias values labelled as 1 to 8 in ‘c’. The Star of David structure is overlaid for 
guidance. Dashed circles indicate a local defect. The maps 1 and 5 show the highest intensities 
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at the CDW top sites while the maps 2 and 4 belong to the lower and upper Hubbard bands 
respectively. Map 3 is located at the Fermi level within the Mott gap, where no apparent 
features are observed. The map 7 shows the NDR appear as darker regions at the centres of the 
Star of David structures. Map 8 reveals an increase in intensity at the C atom locations next to 
the NDR regions.

results in shifting of the CDW positions, so that adjacent CDW domains become separated by 

clear boundaries (Figure 1e, and 1f). The voltage pulse manipulation can also alter the stacking 

order between adjacent layers18,19 (Supplementary Figure S1), and it can cause a strong 

modulation of the Mott insulating state20. Local defects can also be created using a controlled 

tip-sample contact21 (Figure 1e) and such defects can cause shifting of the vertical stacking 

order of the 1T-TaS2 layers as well. 

Negative differential resistance (NDR) can be attributed, in a broad sense, to band level 

alignment of electronic features in materials producing an effective resonant tunneling 

geometry. NDR was observed in different systems such as molecules adsorbed on 

semiconductors22 or metal substrates23. NDR can also occur in resonant tunneling between 

localized electronic states of the STM tip and the surface24. In bilayer graphene, NDR originates 

from the two near-gap van Hove singularities that are strongly localized in the two sub-lattices 

in different graphene layers25. 

Here, we report the observation of NDR in a new material system, 1T-TaS2, with a charge 

density wave structure. Figure 2a presents the STM topographic image of a 1T-TaS2 surface area 

including the region were we investigated the appearance of NDR, marked by a green 

rectangle. The average tunneling spectroscopy data collected from the region in Figure 2a 
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shows similar features to those observed in other STM measurements17,18,26,27, with a Mott gap 

of ~250 meV at the Fermi level (Figure 2b)28,29,30,31. In agreement with previous reports, the 

density of states in the CDW phase exhibits features that originate in subbands of the 5d 

orbitals. We note that the precise energy position and width of these subbands is strongly 

dependent on the local stacking14,27,32,33, and likely responsible for the slight sample-to-sample 

variations in measured STS spectra. Interestingly, clear differences emerge when the spectra 

are selectively collected at the location of the ‘a’ and ‘c’ atoms (Figure 2c) corresponding to the 

CDW top and valley sites, i.e. the CDW maximum and minimum locations, respectively (Figure 

1b and 1d). Except in the vicinity of the Fermi level, both the intensity and energy positions of 

the peaks in the dI/dV spectra appear completely different for the top and valley sites. The 

CDW top sites are dominant for the occupied states as well as near the Fermi level, while the 

valley sites take the lead for the unoccupied states above 730 mV. Importantly, we find that the 

dI/dV on top sites exhibits NDR at ~800 meV (Figure 2c). Accordingly, this is also reflected in the 

average I-V spectroscopy data measured across the CDW top sites (Figure 2d). We note that the 

dI/dV spectra of ‘b’ sites are essentially given by the average dI/dV data between the ‘a’ and ‘c’ 

sites (Supplementary Figure S4), with most pronounced features being localized at the ‘a’ and 

‘c’ atoms within the Star-of-David structure.

The spatial variations of the electronic structure are directly visualized by means of dI/dV 

spectroscopic mapping with atomic scale resolution, allowing us to gain further insight into the 

relationship between the CDW and NDR. A total of 3000 dI/dV spectroscopic maps were 

acquired in the bias range -1500 mV and +1499 mV, with 1 mV interval (see the STS map movie 
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in Supplemental Information). This measurement provides unprecedented information on the 

electronic structure modulations and the evolution of NDR within the Star-of-David structure at 

the atomic scale. Figure 2e presents a sequence of dI/dV spectroscopic maps acquired at biases 

marked as 1 to 8 in Figure 2c.  The maps 1 and 5 show the highest intensities at the CDW top 

sites at the centre of the Star-of-David structure. Maps 2 and 4 belong to the lower and upper 

Hubbard bands respectively (Figure 2c), and display faint intensity at the CDW top sites. No 

apparent features are observed at the bottom of the Mott gap located around the Fermi level 

(map 3). These tunneling spectroscopic maps confirm that the vicinity of the Mott gap region is 

mainly contributed by the CDW top sites, i.e. by ‘a’ atoms.   

At ~800 mV the intensity in the dI/dV spectra of the CDW top sites decreases below zero, while 

that belonging to the CDW valley sites increases.  Accordingly, the I-V plots measured at the 

CDW top sites shown in Figure 2e reveal NDR at ~800 mV (map 7). The dI/dV spectroscopic 

maps highlight the atomically localized nature of the observed NDR. For instance, map 6 at 600 

mV shows a high intensity at the CDW top sites. However, map 7 at 800 mV completely 

reverses the intensity and the CDW top sites now appear darker. Thus, the observed NDR is 

strongly localized at the CDW top sites. At higher positive voltages, larger than the one where 

NDR is observed, the CDW valley continues to dominate the dI/dV signal as evident in the 

spectroscopic map 8 taken at 1036 mV.  

We now turn to interpreting the mechanism of the observed of NRD in this system. Firstly, in 

our experiments, the involvement of the STM tip states in the NDR process can be ruled out 
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Figure 3. NDR mechanism. a, I-V data measured at a centre of a CDW top site with varying tip 
heights. Tunneling resistance, Rt =  5 GΩ (1), 2 GΩ (2), 0.5 GΩ (3), and 0.2 GΩ (4).  The initial set 
tunneling currents for curves 1,2,3 and 4, are 0.2 nA, 0.5 nA, 1 nA, and 2 nA, respectively, and 
the initial set bias is +1V for all measurements. b, The slope, ΔI/ΔV, as a function of tunneling 
resistance. c, A drawing depicting STM tip-sample geometry of the experiment where the 
tunneling current (It) passes to the different layers of 1T-TaS2 as Ip. d, A schematic 
representation of the current flows from the CDW top (a atom) to valley (c atom) then to 
adjacent layer below. e, Simulated dI/dV for two different tip heights show stronger NDR (green 
arrow) when the tip is closer to the surface. f, Simulated I-V plots for different tip heights. 
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because the dI/dV spectra acquired at different locations with the same tip do not show such a 

tip state (map 7). Instead, the two localized states essential for the NDR mechanism are 

apparent in the dI/dV spectra (Figure 2c) as well as in the dI/dV spectroscopic maps (Figure 2e). 

The NDR in this system is always observed on the CDW top sites, as the differential 

conductance dips below zero, while the electronic structure of the valley sites is consistently 

larger.

To gain further insight into the NDR mechanism, I-V spectroscopy measurements were 

performed with different tip heights using a fixed bias of 1V with varying tunneling currents 

(Figure 3a), where the lower the tunneling resistance (Rt), the closer the tip is to the surface. By 

changing Rt from 5 GΩ to 0.2 GΩ, the negative slope of the I-V curves becomes more 

noticeable.  Accordingly, the corresponding dI/dV spectra exhibit a clear NDR dip behavior  

(Supplementary Information S5). Figure 3b shows the measured negative slopes (ΔI/ΔV) as a 

function of Rt, which reveals that by approaching tip or reducing Rt, the NDR becomes more 

pronounced. This measurement was performed on the CDW top site ‘3’ in Figure 4a. 

We note that for a C60 double layer formed on a Au(111) surface22,  the tunneling voltage-

dependent barrier height was found responsible for the presence of NDR. In that case, a larger 

tip-height, therefore a higher Rt, results in a stronger NDR.  In the case of CDW in 1T-TaS2, 

however, we observe an opposite trend, where a reduced tip-height enhances the NDR (Figure 

3a and 3b), so that the bias dependent tunneling barrier can be ruled out as the origin. Based 

on the tip-sample geometry of our measurements (Figure 3c), the tunneling current (It) arriving 
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at the top surface layer of 1T-TaS2 is required to pass through the adjacent layers underneath. 

The passing current, Ip, strongly depends on the vertical coupling between adjacent 1T-TaS2 

layers, as well as in lateral paths, as shown schematically in Figure 3d.

To model the effects of inter- and intralayer coupling, we consider a typical expression for the 

tunneling current given in terms of DOS and the tunneling probability of electrons from the tip 

as,  

. (1)𝐼 =  ∫𝑉
0𝜂(𝐸,𝑧)𝑇(𝐸,𝑉,𝑧)𝑑𝐸

In this expression, intralayer coupling is accounted for in the local DOS,  having features 𝜂(𝐸,𝑧),

with effective widths that depend on the tip distance from the surface, .  The interlayer  𝑧

coupling is reflected in the tunneling probability, T, having a characteristic WKB form that 

depends on the work function , and considers tilting of the vacuum barrier separating the tip 𝜙

and sample, . Here,  is a constant that depends on electron mass and 𝑇 =  𝑒 ―𝑧 𝐶 𝜙 ― 𝐸 + 𝑉/2 𝐶

natural constants ( ). For simplicity the tip is assumed to be featureless in ≃ 1.15 Å ―1𝑒𝑉 ―1/2

this region. The differential conductance dI/dV can then be written as:

. (2)
𝑑𝐼
𝑑𝑉 = 𝜂(𝐸,𝑧)𝑇(𝐸,𝑉,𝑧)|𝐸 = 𝑉 + ∫𝑉

0𝜂(𝐸,𝑧)
∂𝑇(𝐸,𝑉,𝑧)

∂𝑉 𝑑𝐸  

For the theoretical analyses, the DOS is modeled with five Gaussians to mimic data for bias in 

the [0,1]Volt region in the images of Figure 4b. Approaching the tip to the surface is assumed to 

narrow the width of the Gaussian at 0.4V by a factor f.  Here, f = 0.5, 1, and 1.2 are used for Z1, 
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Z2 and Z3 tip heights in Figure 3, respectively. Figure 3e shows the results for two different tip 

heights, Z1 < Z2.  Although the system exhibits NDR for both tip-heights, the closer tip height Z1 

Figure 4. NDR and surface defects. a, STM image shows three point defects created at the 
locations indicated with red arrows on 1T-TaS2. Bright CDW top sites appear next to the defect 
sites (shown with white ovals) [Imaging parameters: Vt = 1V, It = 0.2 nA]. b, dI/dV spectra of the 
CDW top site marked with a green oval in ‘a’ reveal the electronic structural changes before and 
after manipulation. The arrow indicates a deeper dip after the manipulation. c, The I-V spectra 
corresponding to CDW top sites 1 to 5 in ‘a’. The spectra acquired at the sites, 1, 2, and 3, show 
NDR, which are indicated with the arrows. d, The dI/dV spectra acquired on the 5 CDW top sites, 
1,2,3,4, and 5 in ‘a’. Here the spectra 1,2, and 3 show NDR (indicated with a red arrow). e, STM 
image after voltage pulse manipulation of 1T-TaS2 surface shows formation of domain networks 
(shown with arrows) [Imaging parameters: Vt = -1V, It = 0.63 nA]. f, dI/dV spectra measured at 
the CDW top (green) and valley (orange) locations shown with dots in ‘e’. The CDW top 
spectrum reveals NDR at both occupied and unoccupied states (indicated with red arrows). 

induces a stronger decoupling between the CDW top and valley sites, thereby enhancing the 

apparent DOS features, while the corresponding NDR values increase by a factor of ~5. Such 
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effect can also be observed in the I-V characteristics shown in Figure 3f, where reducing the tip-

height (Z1 < Z2 < Z3) increases the current as well as the NDR effect. One can imagine that as the 

tip approaches the intralayer coupling between the CDW top and valley sites is likely reduced, 

akin to an effective gating by the tip, which enhances the spatial localization of the Star-of-

David sites, and then produces sharper features (smaller bandwidths) in the highly-structured 

local density of states . To understand the phenomena responsible for changes in the 𝜂(𝐸,𝑧)

interlayer coupling, we note that naturally occurring crystal defects or defects induced by tip 

manipulation can not only shift CDW lattice laterally but can also reduce the vertical coupling, 

i.e. orbital hybridization, between adjacent layers31,32. 

We present experimental evidence demonstrating how defects on the surface of 1T-TaS2 can 

affect the realization of conditions necessary for NDR, likely by tuning the interlayer and 

intralayer couplings as discuss before. To that end, we focus on defects that are tip-induced and 

explore their electronic properties. Figure 4a shows three defect sites formed by STM tip 

manipulation (indicated by red arrows in Figure 4a and Supplementary Figure S2) where the 

CDW top sites next to the structural defects appear brighter (marked with white ovals). 

Creation of such defects alters the local electronic structural environment, as evident in the 

dI/dV spectra (Figure 4b) acquired on a CDW top site shown with a green oval in Figure 4a. 

Here, the unoccupied states appear more pronounced after the manipulation, with sharper 

Hubbard band edges and a deeper dip (here at ~0.4V), while the occupied states become 

broader. Remarkably, the negative differential resistance (NDR) signals are observed when I-V 

spectroscopic data are measured by positioning the STM tip above the three bright CDW top 
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sites 1, 2, and 3 in Figure 4a while similar I-V curves on neighboring CDW top sites 4, and 5 

show no NDR and only a slight decrease in the current occurs (Figure 4c). Accordingly, the 

differential conductance (dI/dV signal) of the sites 1, 2, and 3 drops below the zero level (Figure 

4d). The NDR can also be observed at negative biases after STM tip-induced manipulation. 

Figure 4e presents a 1T-TaS2 surface area where a domain network develops after an STM tip-

induced manipulation. The dI/dV tunneling spectroscopy measured above CDW top and valley 

sites (green and yellow dot locations respectively in Figure 4e) are presented in Figure 4f. Here, 

the dI/dV spectrum of the CDW top site reveals NDRs at both positive (+0.37 V) and negative (-

0.25V) biases. We note that the precise energy where the NDR is present depends on the local 

energies of the 5d orbital subbands, which are sensitive to local stacking and interlayer 

coupling, and therefore can differ across the sample. Consistent with the data presented in 

Figure 2, in contrast to the CDW top site, the NDR is absent in the spectrum of the CDW valley 

sites. These results suggest that the presence of crystal defects can strongly affect the local 

orbital order and sensitivity to the gating effect of the approaching STM tip. A closer look at 

Figure 2a reveals that the extended area exhibiting NRD is in the vicinity of several defects that 

are likely responsible for balancing the interlayer and intralayer coupling such that NDR is 

observed.

Conclusions

In summary, the observation of NDR in the charge density wave phase of 1T-TaS2 is facilitated 

by the localized states between the CDW top and valley sites and the local changes in the 

vertical coupling between the orbitals in adjacent layers induced by STM tip manipulations. 
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Since the localized states here are centered at the CDW top and valley sites, the charge density 

structure in 1T-TaS2 is paramount to induce the observed NDR. Moreover, the out-of-plane 

stacking can significantly affect the interlayer coupling in this material, which in turn strongly 

influences the tunneling processes. As demonstrated here, local regions and defects formed by 

voltage pulses can disturb the interlayer coupling, as in the regions depicted by Figure 4, or in 

extended regions, as in Figure 2. Although we have not explored naturally occurring defects on 

TaS2 in this work, one can speculate that if appropriate conditions for intra and interlayer 

coupling are provided, then not only defects, but also other stimulus such as high pressure or 

intercalants would induce NDR. The observation of NDR on CDW phase opens exciting potential 

applications of two-dimensional materials for electronic and nanoscale devices.
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