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ABSTRACT: 

The ability to control nanoscale electronic properties by introducing macroscopic 

strain is of critical importance for the implementation of 2D materials into flexible 

electronics and next generation strain engineering devices.  In this work we correlate the 

atomic-scale lattice deformation with a systematic macroscopic bending of monolayer 

molybdenum disulfide films by using scanning tunneling microscopy and spectroscopy 

implemented with a custom-built sample holder to control the strain.  Using this technique, 

we are able to induce strains of up to 3% before slipping effects take place and relaxation 

mechanisms prevail.  We find a reduction of the quasiparticle band gap of about 400meV 

per percent local strain measured with a minimum gap of 1.2 eV.  Furthermore, nanoscale 

strain relaxation of van der Waals monolayer sheets can negatively impact device 

performance.  Here we investigate, for the first time, strain relaxation mechanisms including 

1D ripples and 2D wrinkles which alter the spatial electronic density of states and strain 

distribution on the atomic-scale.                
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Semiconducting transition metal dichalcogenides (TMDCs), such as Molybdenum Disulfide 

(MoS2), possess enormous potential for next generation nanoelectronics as a result of their 

relatively large band gap and 2D nature.   In addition, like graphene[1], single layer MoS2 exhibits 

flexibility out of plane coupled with a high intrinsic tensile strength allowing the film to sustain 

up to 11% strain before rupturing[2].  This intrinsic property makes this material a promising 

candidate for strain engineering, because it allows the application of strains high enough to 

considerably change the materials properties and provides therefore a large range for tuning. Thus, 

strain engineering offers a viable approach for applications and elects this material as prime 

candidate for components in future flexible devices such as mountable physiological monitoring 

devices, touch screens and flexible energy storage systems[3–7]. 

Calculations suggest that tensile strain would strongly affect the bandgap of semiconducting 

TMDCs[8–10], and that it would fully close at a level of biaxial tensile strain of ~10%[8,9]. 

Furthermore, strain is expected to change the charge carrier effective masses, dielectric properties, 

[11,12], thermal conductivity[13,14], spin–orbit coupling[15–17] and electrical properties [18] 

affecting, therefore, possible applications[19,20].  

A wide range of strategies has been exploited for applying strain in nanomechanical devices 

incorporating 2D TMDCs. These include the use of polymer sacrificial layers[21] for the fabri-

cation of suspended devices, transfer on a substrate with pre-patterned geometry[22], use of 

flexible[23–26]  or piezoelectric substrates[27]. 

 The effect of strain on the optical band gap of single layer MoS2 and related materials has 

been well documented by measuring the photoluminescence spectroscopy[24,27–29], Raman 

spectroscopy[24,27,28,30] and absorption spectroscopy[23]. Photoluminescence 

measurements[23] confirmed theoretical predictions that strain could reduce the bandgap[8] and 

reported a change of ~70 meV  per percent strain for the direct gap transition and of ~110 meV 

per percent strain for the indirect gap transition in bilayer MoS2.   
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However, the beam diameter of such experiments,  is at best a few hundred nanometers[28,29].  

Thus, the effect of the applied macroscopic strain on the atomic-scale remains unclear.  In addition, 

the quasiparticle band gap, which differs from the optical gap by the value of the exciton binding 

energy, has not been studied as a function of systematic strain.  There is a significant difference 

between optical and band gap in these materials, as the exciton binding energy has been found to 

be large in these systems[31].  Furthermore, despite the myriad of existing literature there has not 

been a focus on the atomic-scale effect of a systematic strain nor a direct measurement of strain 

relaxation effects.  Recently, Zhang et al.[32] reported on scanning tunneling microscopy 

measurements performed on a lateral heterojunction WSe2-MoS2 and revealed the local changes 

on the quasiparticle band gap of MoS2. However, this study is intrinsically limited by the amount 

of local strain that can be applied.  In this work, we report on the systematic study of the 

quasiparticle band gap, atomic deformation and strain relaxation effects as a function of bending 

radius of curvature using low temperature scanning tunneling microscopy and spectroscopy. This 

technique allows direct correlation between atomic scale strain and local electronic properties. 

 Single layer MoS2 films are prepared by ambient pressure chemical vapor deposition on 

highly oriented pyrolytic graphite (HOPG).  The details of the growth process can be found 

elsewhere[33] (see Methods). The MoS2 films are deposited on HOPG to allow STM 

measurements while at the same time preventing changes of the electronic properties of MoS2 due 

to the interaction with the substrate and/or avoid any possible damage of the film associated with 

transfer techniques. A representative atomic force microscopy (AFM) image of such a film is 

presented in Figure 1a, showing typical film morphologies consisting of triangular and hexagonal 

structures. Although, typically MoS2 films grown on HOPG present islands of different numbers 

of layers, it is possible to identify the first layer of MoS2 by STM as shown in Figure 1b. Strain is 

applied to the film by bending the substrate using a custom-built sample holder represented 

schematically in Figure 1c.  This will cause a tensile strain at the substrate’s surface and 

subsequently a strain will be transferred to the MoS2 films until slipping mechanisms eventually 
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occur. The sample holder is comprised of two Cu pieces which are supported by an Omicron 

sample plate.  The bottom piece is a semi-circular wedge which fits under the top Cu block which 

has a space removed with the exact dimensions of the wedge.  There is a hole on the top of the 

block through which the STM tip can access the sample. Alignment of the tip at the top of the 

curvature is performed optically. The sample is placed between these two pieces and as the block 

is gently screwed to the sample plate it bends the sample, making it adhere to the radius of 

curvature of the semi-circular wedge.  When a slab is bent and there is no shear relaxation on either 

surface, the neutral plane of the slab will maintain the same length, but the top and bottom surface 

will experience a tensile and compressive strain, respectively.  The nominal tensile strain on the 

surface of the slab can be defined by the following expression: 

𝜀𝑁𝑜𝑚𝑖𝑛𝑎𝑙 =  
𝜏

2𝑅
                (1) 

Here, 𝜏 is the substrate thickness (in this case hundreds of microns) and R is the radius of 

curvature of the semi-circular wedge.  The substrate then transfers the strain to the adhered MoS2 

film as schematically shown in Figure 1d.  The STM scanner was aligned such that the fast scan 

direction or the X-direction, is perpendicular to the bending axis and therefore, the slow scan 

direction or the Y-direction is parallel to the bending axis. 

 Quantifying the local strain  

Atomic resolution STM topographies of MoS2 monolayer films with nominal strain of 0% and 

4.9% are reported in Figures 2a and b, respectively.   

To quantify the local strain, we analyze these images by using a procedure similar to the 

Lawler-Fujita[34] drift correction (see Supplementary Section I). This method calculates the 

displacement field u(r), defined as the position dependent distance between the atomic positions 

of the imaged lattice and a perfect periodical lattice. The derivatives of u along the lattice vectors 

directly give the strain tensor (Supplementary Section I). To obtain the average x- and y-direction 
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strain over an atomically resolved STM topography, u𝑥(𝑥) and u𝑦(𝑦) are plotted as a function of 

their respective direction. The slope of a linear fit of these curves yields the average strain.  This 

procedure is demonstrated in Figures 2(c) and (d) which show the difference between a single 

layer of MoS2 under nominal strain of 0% and maximal nominal strain, respectively. In the case 

of the unstrained film, the obtained strain values for the x- and y-direction are -0.12% and 0.21%. 

These values change to 2.67% and -1.16% for the sample with maximum nominal strain (i.e bent 

to a 1mm radius of curvature).  MoS2 has a positive Poisson ratio[35,36]. Since the scanner is 

aligned such that the x-direction, or the fast scan direction, is perpendicular to the bending axis 

whereas the y-direction, or the slow scan direction, is parallel to the bending axis, a tensile strain 

in the x-direction and a compressive strain, in the y-direction, are expected. 

The average strain values in both directions have been plotted as a function of nominal strain 

in Figure 2e for all samples measured.  The measured x-direction strain increases almost linearly 

until 2.5% nominal strain where the maximum local measured strain is always less than the 

expected nominal value.  At this value of nominal strain of 2.5% we found that there are areas of 

the sample where there is little to no average measured strain, corresponding to a relaxed lattice.  

This is true to a larger extent for higher values of the nominal strain, where in the case of 4.9% the 

maximum local strain measured is only 3.1%.  The strain in the y-direction shows a similar trend 

in the compressive direction.  This behavior of the local strain as a function of the nominal applied 

strain reveals that the film is slipping with respect to the substrate, likely due to van der Waals 

nature of the two materials and, therefore to a weak adhesion at the interface.   This slipping 

behavior at van der Waals interfaces has been both theoretically predicted[37] as well as 

experimentally reported [38] in other strain experiments.         
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The effect of strain on the local quasiparticle band gap 

To correlate the quasiparticle density of states with local strain, tunneling spectra were acquired 

at multiple locations within the same atomic resolution topography images from which the local 

strain was obtained. These spectra were then averaged, and their quasiparticle band gap was 

extracted by finding the intersection point between a linear fit close to the band edge and zero 

conductance.  Figure 3a shows representative spectra obtained at different values of nominal strain. 

Since, as described earlier, different areas of a sample with a given nominal strain, can have 

different values of local strain, the representative curves have been chosen to correspond to values 

of local strain closer to the nominal strain.   A summary of the quasiparticle band gap extracted 

from the tunneling spectra plotted as a function of nominal strain and local measured strain is 

reported in Figures 3b and 3c, respectively.  The quasiparticle band gap is found to decrease at one 

rate up until a nominal strain of 2.5% and at a much slower rate from 2.5% to 4.9%.  Furthermore, 

at the nominal strain of 5% there are areas of the sample where the quasiparticle band gap 

resembles that of a relaxed film.  These two observations are consistent with film slipping or other 

strain relaxation mechanisms taking place.  In Figure 3c the quasiparticle band gap is plotted as a 

function of the local measured strain. If we focus on the positive tensile strain, a clear trend is 

observed, where the quasiparticle band gap reduces at a rate of approximately 400meV/% tensile 

strain.  This rate is higher than the values reported from the optical band gap in literature[38], 

which fall below 100 meV/% strain. However, the effect of strain on the exciton binding energy 

has not been directly measured and this lacking information invalidates the exact comparison.  

Moreover, the optical band gap is dominated by the direct gap whereas the quasiparticle band gap, 

as measured by scanning tunneling spectroscopy, is an integrated average over k-space.  The rate 

of change in the bandgap found here are much closer to those reported by Zhang et al.[32], where 

the authors measure the band gap change of 500 meV/% strain in lateral heterostructures comprised 

of WSe2-MoS2 by STM.   
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It should also be noted that all the spectra reported here were acquired away from edges, grain 

boundaries and defects which are known to alter the local density of states.  In addition, the band 

gap has been found to be affected by relative orientation of the MoS2 monolayer and that of the 

HOPG substrate. However this effect has been measured on this system in earlier measurements 

to be less than 150meV[39], therefore, clearly below the observed changes reported here..      

                     

Strain Relaxation Mechanisms  

The weak inter-layer coupling between the MoS2 and HOPG makes slipping a plausible 

strain relaxation mechanism as MoS2 and HOPG are both van der Waals layered materials.  

However, to date, the nanoscale landscape of strain relaxation has not been studied. STM allows 

to measure inhomogeneous strain fields at the nanoscale and their corresponding influence on the 

density of states.  We exploit this capability to study the possible strain relaxation mechanisms 

responsible for the lattice relaxation observed in the previous section.  Evidence of such a 

mechanism is shown by the two parallel ripples in Figure 4a.  A zoom in on one of the two ripples 

is shown in Figure 4b. This structure was found on a monolayer MoS2 film with nominal strain of 

3.3%.  The scan area depicted in the topography has been acquired at an angle of 25o with the x-

direction or expected tensile strain direction.  Intuitively, ripples in a sheet are caused by 

compressive strain. However, it has been found, using molecular dynamics simulations on CVD 

MoS2, that ripples can nucleate through tensile strain and subsequent relaxation[37].  The same 

study shows that slipping of van der Waals layers is expected above strain values of 2%, consistent 

with our findings.  The effect of the ripples on the local electronic properties is studied by acquiring 

a line profile of point tunneling spectra along the dotted line in Figure 4b reported in Figure 4c.  

The spectra are acquired from the region between the two ripples towards the right side of the right 

most ripple in Figure 4a and they are shown from the bottom to top-most spectra in Figure 4c.  
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There is a clear outward shift of the valence band edge of about 150meV at the point corresponding 

to the top of the ripple causing a larger band gap away from the parallel-ripple structure and a 

smaller band gap inside the two ripple structure.  This can be further visualized by acquiring a 

conductance map at the energy just below the valence band maximum (VBM) at -1.72 eV, to 

determine the extent of the valence band edge shift.  The conductance map is displayed in Figure 

4d and shows that the increase of states at the VBM is localized between the parallel ripples, with 

the ripples forming the boundaries.  This unique structure presents possibilities for strain 

engineering conduction channels in MoS2, and similar materials. 

In order to understand the strain field associated to this topographical structure, the 

modified Lawler-Fujita algorithm (Supplemental Section II) has been used to calculate the strain 

field at each atomic position in the direction perpendicular to the ripples.  To highlight variations 

in the strain field, the average slope of the displacement field has been subtracted to give relative 

values of strain. The average strain removed in the direction parallel to the ripples was naturally 

compressive and approximately 7.6% (Supplemental Note II).  The map of the strain field in the 

direction perpendicular to the ripples is displayed in Figure 4e and it corresponds to the topography 

reported in Figure 4b.  It is important to note that this map provides the relative strain after the 

subtraction of the 7.6% average compressive strain and therefore the absolute values of 

compressive strain range between 4.1% and 11.1%.  Given the nature of the density of states, it 

was expected that the region between the two ripples would yield a higher relative tensile strain 

than that away from the two ripples.  It is also intuitive that the region on top of the ripple would 

experience a compressive strain relative to the surrounding regions. While both expectations are 

observed, there are unexpected oscillations in strain moving away from the two ripples that are not 

apparent in the topography.  This indicates that the strain responsible for the formation of the ripple 
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is not localized on top of the ripple but manifests itself as oscillations which extend at least 15nm 

away from the ripple.   

To compare the local strain field with the local electronic properties, the relative strain 

(obtained after subtraction of the average strain) in the direction perpendicular to the ripple in 

Figure 4e is plotted in Figure 4f together with the band gap extracted from the spectra in Figure 

4c.  The shift of the quasiparticle band gap is approximately 150meV and occurs directly at the 

ripple location.  The gap shift starts to occur on the side of the ripple where there is the highest 

relative compression then there is a kink where the strain becomes relatively more positive before 

again increasing on the other side of the ripple where there is again a high relative compression.  

There is a clear suppression of the bandgap in the region between the two ripples and at the location 

of the right-most ripple. However, the average strain also affects the quasiparticle band gap away 

from the ripple as the magnitude of the band gap is reduced compared to that of the relaxed film.  

The changes in band gap found in the presence of large compressive strains appear to be 

significantly lower than those found in the presence of tensile strain (Figure 3 c). Based on DFT 

calculations, the compressive strain is expected to have a smaller effect on the quasiparticle band 

gap compared with tensile strain, consistent with our findings[40].      

Other examples of relaxation mechanisms were found on monolayer MoS2 film subjected to a 

nominal strain of 4.9%.  Here, several regions of this film presented an inhomogeneous moiré 

pattern that was typically observed close to defects.  This phenomenon indicates that the film 

undergoes a partial delamination and is well adhered to the substrate only in the regions that display 

the moiré pattern.  An example of this kind of defect is displayed in the topography shown in 

Figure 5a where the film appears to be bunched around a defect with a small area showing the 

moiré pattern.  The absolute x-direction strain map corresponding to the topography in Figure 5a 
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is displayed in Figure 5b. The strain map shows that there is a inhomogeneous strain field that 

undergoes a sharp transition from tensile strain to compressive strain on the defect and along the 

line where the lattice appears to be wrinkled. The area showing the moiré pattern exhibits a 

compressive strain compared to the surrounding area. To elucidate the electronic properties of such 

a defect, two line profiles of point spectra were taken perpendicular to each other. The two 

sequence of spectra are shown in the lower panels of Figure 5c and d, while the paths, along which 

the spectra were acquired, are shown in the top panels of Figure 5 c and 5d, respectively.  These 

profiles show that there are localized in-gap states that appear directly at the defect site and that 

the magnitude of the gap increases, as the VBM shifts outward, in the region of the moiré pattern.  

To focus on the spatial variation in the electronic density of states, conductance maps were taken 

at a variety of different energies close to the CBM and the VBM shown in Figures 5e-j and Figures 

5k-p, respectively.  An increase of conductance is observed at the defect site at energy close to 

1eV while a suppression of conductance is observed at around 0.7eV.  Close to the VBM there are 

localized in-gap states at -1eV and -1.7eV that are revealed in a radius of about ½ nm surrounding 

the defect site. The spatial variation of the VBM displays a region of higher band gap 

corresponding to the less tensile strained region of the moiré pattern in topography. This appears 

as a low conductance region in the conductance map at energies close to the VBM around -2 eV. 

In this region the point spectra show an outward shift of the VBM (bottom panel of Figure 5d).  

Interestingly, while the variation at the conduction band edge is localized over the central defect, 

the variation of the valence band edge has a clear correlation with the shape of the moiré pattern 

in topography, where the conductance at the valence band edge shows a strong increase along the 

edge of the moiré pattern.   
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Conclusions 

We have successfully applied strain on monolayer MoS2 films of up to about 3% using a 

custom-built sample holder and correlated the macroscopic nominal strain with the local atomic-

scale strain.  Furthermore, we have correlated the local strain and the quasiparticle band gap which 

shows a reduction of about 400meV per percent local strain.  We have observed that within the 

same sample, with a nominal strain of 1.5% or higher, there are regions that show local strain 

consistently lower than the nominal applied strain, likely due to the weak van der Waals nature of  

MoS2 film and substrate. In these regions the film experiences strain relaxation that inhibited the 

application of strain greater than 3% using this method.  Relaxation mechanisms that have been 

observed include formation of one dimensional ripples and two dimensional wrinkles that alter the 

local electronic density of states. Tunneling spectroscopy show a reduction of the band gap at the 

ripple location with perturbation of the local density of states that extends to a distance of 15 nm 

away from the ripple. Two-dimensional wrinkles found on samples with higher nominal strain, are 

characterized by areas displaying moiré patterns surrounding or near various defects. This suggest 

that the film has a nonuniform adhesion with the substrate.  This nonuniform adhesion allows for 

the delaminating and slipping of the film with respect to the substrate and allows the formation of 

two-dimensional wrinkles that alter the local electronic properties of the film.  These processes 

illustrate the weak coupling between the van der Waals layers between film and substrate and show 

that imposing strain of up to 3% is possible using heterostructures of this kind.  

It is also important to note that locations found to have a compressive strain seem to affect 

less the quasiparticle band gap.  Lu, et. al. [40] used DFT to investigate positive and negative strain 

on monolayer MoS2 finding that not only is the band gap smaller for positive strain than it is for 

its negative counterpart, but that the band gap initially increases with negative strain before 

reducing again. This is explained to be primarily a result of the change in length of the Mo-S bond 

which is naturally smaller for compressive strains than for tensile strains.  In the same study they 

also find that there is not a significant difference between uniaxial and isotropic strain in terms of 
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their effect on the band gap of monolayer MoS2.  This indicates that for our study, the relative 

orientation between the crystallographic axis and the bending axis has little influence on how the 

strain effects the quasiparticle band gap. 

 

Methods 

Film Growth. Single layer MoS2 films were grown on highly pyrolytic graphite (HOPG)  

substrates using the ambient pressure chemical vapor deposition technique described 

previously[33].  The precursors used in the deposition were ~12mg of MoO3 (≥99.5% Sigma 

Aldrich) and ~100mg of S powder (≥99.5% Sigma Aldrich).  Otherwise the set up and 

heating steps were identical to those previously described [33].    

STM/STS. Scanning tunneling microscopy and spectroscopy measurements were carried 

out using a Unisoku STM with PtIr tip at Temple University for the measurement in Figure 1b and 

a Createc STM with a W tip at the Center for Nanoscale Materials for the rest of the measurements.  

Both sets of measurements were carried out in an ultra-high vacuum (< 10-10 Torr) at T = 4.2 K. 

All STM tips used in this experiment were previously prepared on Au or Ag single crystals. The 

STM images were recorded in constant current mode with set point parameters listed in the Figures 

captions. The individual 𝑑𝐼/𝑑𝑉 spectra found in Figure 3 were recorded by taking the numerical 

derivative of the measured I-V curves and applying a 10-point Savitzky-Golay smoothing.  The 

maps and line spectroscopy in Figures 4 and 5 were obtained using a lock-in technique with a 

modulation voltage of 50mV and a modulation frequency of 373.1Hz.  

AFM. Atomic force microscopy images were acquired in tapping mode using a Veeco Dimension 

Icon SPM with an Antimony (n) doped Si tip having a nominal tip radius of 10 nm (Veeco, 

NCHV). In this mode, the cantilever is driven to oscillate at its resonance frequency of 320 Hz by 
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applying an AC voltage to the z-piezo. As long as the tip is far away from the sample, no 

interaction is recorded and the oscillation amplitude remains constant. Once the cantilever is 

moved closer to the sample, the tip starts touching the surface intermittently. As a consequence, 

changes in the cantilever oscillation amplitude are induced by the Van der Waals interaction. In 

such a scenario, the amplitude modulations recorded while scanning on the surface are caused by 

the sample roughness. Here, a feedback loop is used to fix the tip-sample separation point-by-

point in order to keep the amplitude constant. The adjustments in tip-sample distance, driven by 

the feedback loop, are thus a measure of sample topography. AFM measurements were carried out 

under ambient conditions. 
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Figures 

Figure 1| Strain imposing device. a, Large scale AFM topography portraying a typical morphology of the 

as grown CVD MoS2 film on the graphite substrate.  Scale bar represents 500nm. b, STM topography 

showing the step edge between the single layer of MoS2 and the underlying HOPG substrate (V = -2.5 V, I 

= 10 pA).  Scale bar represents 50nm.  c, The custom built sample holder used to control the nominal strain 

on the sample. h,  A cartoon depiction of a substrate transmitting strain to a film by bending the substrate.   
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Figure 2|  Atomic scale strain. a,b Atomic resolution STM topographies of single layer MoS2 film with 

nominal strain of 0% (V = -1.0 V, I = 110 pA) and 4.9% , respectively (V = -1.5 V, I = 55 pA).  Scale bars 

represent 2nm.  c,d Real space determination of lattice deformation of Figure 2a (c) and Figure 2b (d).  The 

black squares and red circles represent the lattice distortion in the x-direction and y-direction as a function 

of distance in x and y, respectively.  e, Lattice strain in the x-direction (perpendicular to the bending axis) 

measured as a function of nominal strain.  The inset shows corresponding strain measured in the y-direction 

(parallel to the bending axis).  The error bars represent a 95% confidence interval for the distribution of 

displacement field values.   
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Figure 3|  Effect of atomic scale strain on the quasiparticle bandgap. a, A series of vertically offset 

tunneling spectra taken on monolayer films displaying the minimum gap on each respective radii of 

curvature (V = +1.5 V or +1.0 V, I = 100 pA).  b, A summary of the evolution of the quasiparticle band 

gap (Eg) as a function of the nominal strain.  c, Corresponding summary of the evolution of the quasiparticle 

band gap as a function of the measured strain along the x-direction.  The blue shaded region represents a 

compressive strain whereas the red shaded region represents a compressive strain.  The dashed red line 

represents a linear-fit of the data displaying a compressive strain.  The gap has been determined by making 

a linear fit to the conductance spectrum within a voltage window at the valence band and conduction band 

edges and finding the zero intercept.  All error bars represent +/- 95% confidence interval to the mean. 
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Figure 4|  Electronic structure of a rippled monolayer. a, Three dimensional, high resolution STM image 

showing two roughly parallel ripples on monolayer MoS2 (V = +0.8 V, I = 100 pA).  b, An enhanced view 

of the ripple on the right side of Figure 4a where the region to the left of the ripple is towards the ripple on 

the left side of Figure 3a (V = +0.8 V, I = 100 pA).  c, Fifty tunneling spectra displayed in log scale acquired 

along the dotted white line in Figure 4b where the first spectrum is taken on the left of the line (V = +1.0 

V, I = 110 pA). d, A map of the spatial variation of the density of states in the same region as the topography 

in Figure 4a at an energy near the valence band edge (V = -1.72 V). e, A map of the spatial variation of the 

relative strain field in the direction perpendicular to the ripples overlaid on the 3D topography shown in 

Figure 4b.  The average strain (slope of ur v r) was removed to emphasize the variation in strain. f, The 

averaged relative strain across the height of Figure 4c from left to right plotted along with the quasiparticle 

band gap extracted from each spectrum in Figure 4c. All scale bars represent 5nm. 
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Figure 5|  Spatial variation of the density of states over an inhomogeneous moiré pattern on a 

monolayer.  a, Three dimensional, high resolution STM image showing the inhomogeneous moiré pattern 

at a defect site (V = -1.0V, I = 110pA).  b, A map of the spatial variation of the relative biaxial strain field 

overlaid on the 3D topography from the area outlined by the dashed box in Figure 5a.  The average slope 

(ur vs. r) was removed to emphasize the variation in strain.  All scale bars represent 2nm.  c,d Twenty (c) 

and thirty (d) tunneling spectra taken over two perpendicular lines shown in their respective insets where 

the first spectrum is at the top right (c) and the top left (d) of the line, respectively.  e – p, The evolution of 

the local density of states at energies near the conduction band edge (e – j) and the valence band edge (k – 

p) (V = +1.0V, I = 110pA).  The voltage of the conductance map is displayed in the lower left hand corner 

of each figure. 

 

 

 


