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ABSTRACT 

Progress in the general understanding of structure-property relationships in organic 

semiconductors requires experimental tools capable of imaging structural details, as molecular 

packing or domain attributes, featuring ultra-thin films. A rarely employed operation mode of 

scanning force microscopy, related to friction force microscopy (FFM) and known as transverse 

shear microscopy (TSM), has demonstrated the ability to reveal crystalline aspects linked to the 

surface symmetry of organic surfaces with nanometer resolution. In spite of those promising 

results, numerous questions remain about the physical origin of the TSM imaging mechanism. 

Taking as benchmark a PTCDI-C8 sub-monolayer, we demonstrate experimentally and 

theoretically that such mechanism is the same atomic scale stick-slip ruling FFM leading to the 

angular dependence of both signals. Lattice-resolved images acquired on top of differently 

oriented PTCDI-C8 molecular domains are crucial to permit azimuthal sampling, without the 

need of sample rotation. The simulations reveal that, though the surface crystallography is the 

direct cause of the FFM and TSM signals, the manifestation of anisotropy will largely depend on 

the amplitude of the surface potential corrugation as well as on temperature and the material 

itself.  This work provides a novel nanoscale strategy for the quantitative analysis of organic thin 

films based on their nanotribological response. 
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The structure of crystalline molecular materials at a solid interface is of importance in many 

fields, e.g. electronics, pharmaceuticals, two-dimensional (2D) based devices, etc.
1–3

 Single-

crystal organic devices present much better transport properties than thin films because of the 

absence of structural defects such as grain boundaries. In fact, thin films made out of small 

molecules often present polycrystalline morphologies characterized by significant amount of 

grain boundaries. Since in organic field-effect transistors (OFETs) charge transport is confined 

within the first few layers in contact with the gate dielectric, it is generally agreed that their 

crystalline quality determines the performance of the devices.
2,4–12

 Furthermore, carrier mobility 

anisotropy due to grain boundaries is importantly influenced by the type of molecular packing 

(co-facial or herringbone) in the organic film.
13

 While low angle domain boundaries are less 

detrimental, the boundary effects can dominate film transport behavior in slip-stacked materials.  

In this respect, understanding the role of molecular packing and grain boundaries at molecular 

scale can provide important guidelines for designing optimized devices. Therefore, it is of 

outstanding importance to have experimental tools able to provide a spatially-resolved structural 

characterization of the organic films. From this point of view, the investigation of the local 

frictional properties by means of friction force microscopy (FFM) has shown to be a valuable 

tool to reveal structural details of molecular films which are difficult to visualize with other 

techniques. In FFM the torsion of the cantilever is recorded when the tip scans perpendicular to 

the cantilever axis. Thus, provided the lateral force always opposes the tip motion, the cantilever 

torsion reverses when the scan direction is inverted (Figure 1a) and the frictional force (referred 

here also as FFM signal), defined as half the difference between the forward and backwards 

values of the lateral force, is always positive.  In some systems, the surface symmetry of 

crystalline materials can be reflected in friction anisotropy, i.e., the variation of the friction 



 4 

magnitude when sliding along different surface directions.  This property has allowed to employ 

FFM as a tool to decipher between equivalent structural domains
14–17

 and molecular structures 

with different packingin self-assembled monolayers
18,19

 or to study the water-mediated properties 

of organic solids.
20

  

Although for most crystalline organic semiconductors, the FFM signal does not exhibit a 

noticeable dependence with the crystallographic directions of the surface, it was shown that the 

torsion signal recorded when scanning parallel to the cantilever axis exhibited instead an 

important variation with the azimuthal orientation of a pentacene crystalline surface.
21

This 

imaging mode has been referred to as transverse shear microscopy (TSM).
21-23

  In this geometry, 

the cantilever can suffer either a clockwise or a counter-clockwise torsion during the forward 

scan and the correspondingly reversed during the backwards scan (Figure 1b). Therefore, 

conversely to what happens with FFM, the TSM signal (obtained from half the difference 

between the forward and backwards torsion values) can be either positive or negative. The 

dependence of the TSM signal with the surface orientation was quantified for different in-plane 

angles of an organic single crystal while keeping unchanged the cantilever scan 

direction.
24,25

This method has been successfully employed for revealing the azimuthal 

orientation of crystalline domains in ultra-thin organic films
23

 and domains on exfoliated 

graphene.
26

 However, the physical origin of the TSM contrast remains controversial.  Kalihari et 

al.  attributed the TSM  contrast to the shear force caused by elastic deformation and ultimately 

related to the in-plane anisotropy of the elastic tensor.
24

 A different explanation was given by 

Campione et al. who proposed friction anisotropy, caused by the corrugation of the crystal 

surface, as the direct cause of the TSM signal.
25,27

 Whereas atomic-scale studies based on FFM 

have been crucial for advancing the understanding of friction,
28–31

 there are not atomic-scale 
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studies which can provide insight into physical aspects of the tip-sample interaction responsible 

of the TSM signal. 

 
 

Figure 1. Schematics of the sliding geometry (scan direction and torsion) in the FFM (a) and 

TSM (b) modes employed. (c) Side view (left) and in-plane top view (right) of the 3D structure 

of PTCDI-C8 thin films.
32

 The films are textured with the (a-b) plane parallel to the surface. In-

plane lattice parameters: a = 0.9 nm, b = 0.489 nm, γ = 112.8°. 
33

  ϕ is the angle defined by the 

molecular rows and the x-axis.  

 

In this work we provide an experimental and theoretical investigation of TSM at the molecular 

scale using the organic semiconductor N,N′-dioctyl-3,4:9,10-perylene tetracarboxylicdiimide 

(PTCDI-C8). Perylene Diimide (PTCDI) derivatives are considered to belong to the most 

promising and versatile materials to fabricate n-channel OFETs.
34–38

 Unlike the molecules 

investigated in the previous studies of Kalihari
24

 and Campione,
25

 PTCDI-C8 provides a largely 

anisotropic surface as dictated by the parallel alignment of the molecular rows along the b-axis 

(Figure 1c). Our results show that the ultimate origin of the TSM signal is the dissipation 

occurring at molecular level during the stick-slip motion that results from the interaction of the 

sliding tip with the molecular crystalline surface. The stick-slip behavior and the experimentally 

observed dependence with the azimuthal orientation of the domains are here successfully 
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simulated in the framework of the two-dimensional Prandt-Tomlinson model. The model allows 

understanding how the surface corrugation potential influences the TSM signal and explaining 

the different behavior that TSM and FFM signals present as a function of the applied load.  

 

RESULTS AND DISCUSSION 

 
 

Figure 2. Topographic image of PTCDI-C8 islands on SiO2 (a). The corresponding forward 

lateral force images in FFM (b) and TSM (d). Black arrows in the images indicate the tip sliding 

direction. Line scan (c) and molecular-scale image (e) of the domain boundary (blue dashed line) 

framed in (d). Molecular rows are indicated by dotted black lines (ϕ 80° and ϕ5°, 

respectively). Insets: 2D FFT patterns from image regions of each domain.  

 

On SiO2, PTCDI-C8 forms oriented layered films with the (001) crystalline plane (a-b plane) 

parallel to the surface.
11,32

 Within the layers the molecules have a co-facial and slip-stacked 

packing driven  by the π- π interaction (b-axis) with a spacing of  1 nm between molecular rows 

(Figure 1c). On the sub-monolayer range, PTCDI-C8 forms islands of  2 nm height, i.e. one 

layer–thick (Figure 2a and Figure S1 in Supporting Information), which are distinguished from 

the surrounding substrate by a darker contrast in the lateral force measured in FFM due to the 

lower frictional force sensed by the tip on them as compared to the substrate (Figure 2b). Close 
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inspection of Fig. 2b reveals faint variations of the lateral force in some islands. This observation 

indicates friction anisotropy caused by the different azimuthal orientation of crystalline domains, 

otherwise expected to exist for the growth of an anisotropic two-dimensional (2D) lattice as that 

of PTCDI-C8 on an isotropic surface such as SiO2. Interestingly, when the same area is scanned 

in TSM mode, i.e., with the sliding direction parallel to the cantilever axis, a much more 

remarkable and varied contrast appears in the lateral force map (Figure 2d) showing up domains 

which are not visible in FFM mode. The dark/bright (negative/positive) color observed in the 

TSM lateral force reflects the counter-clockwise/clockwise torsion experienced by the tip as 

schematically shown in Figure 1b and further manifested in the opposite sign of the TSM signal 

obtained from the hysteresis loop of the lateral force in forward and backward scans (line scan in 

figure 2c). The corresponding images in the backward direction are given in Figure S1 of the 

Supporting Information. In other works, the dependence of the TSM contrast with the surface 

crystallography was obtained by measuring the torsion response along distinct crystallographic 

directions for an organic single crystal mounted on a rotating holder.
21

 
 
We will demonstrate that 

in our case, thanks to the direct determination of the lattice orientation in each domain, there is 

no need of sample rotation. The torsion signal in molecular-scale images presents a periodicity of 

~ 1 nm corresponding to the distance between rows in the packing motif of PTCDI-C8 molecules 

(Figure 1c).
32

  Figure 2e shows a molecular-scale TSM image acquired at the domain boundary 

region indicated in Figure 2d. Outstandingly, the different orientation of the molecular rows 

(marked by parallel dotted lines) in adjacent domains are clearly distinguished in the image. To 

guide the eye, the domain boundary has been marked by a dashed blue line. We note that the 

observed width of the boundary is likely due to the convolution between the true boundary 

dimensions and the tip-sample contact area.  The highly uniaxial surface corrugation inherent to 
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the PTCD-C8 co-facial packing is clearly evidenced in the two-dimensional Fourier transform 

(FFT) patterns obtained for each domain.  In some cases, due to an optimum relative orientation 

of the domain, an additional periodicity of ~ 0.5 nm  can be also appreciated along the rows that  

corresponds to the b parameter of the surface lattice
32

 (Figure 1c). To characterize the azimuthal 

orientation of the molecular domains, ϕ is defined as the angle defined by the molecular rows (b-

axis) and the + x-axis (Figure 1c). 

 

Figure 3. Top: 30nm sized molecular-scale FTSM images (forward) in three domains: ϕ  70º (a), 

ϕ  90º (b) and ϕ  70º (c). In (b) the intra-row periodicity is appreciated. Bottom: 

corresponding profiles along the sliding direction (y-axis). In each case, the saw-tooth 

modulation corresponds to the distance between rows along the y-axis.  

 

Figure 3 shows three molecular scale images illustrating the torsion signal measured in the 

TSM mode for three crystalline domains exhibiting different azimuthal orientation. The angle 

between the molecular rows and the + x-axis are ϕ =  70º, ϕ =  90º and ϕ =  70º for Figures 3a, 

3b and 3c, respectively. The line profiles corresponding to domains (a) and (c) show a 

remarkable saw-tooth behavior characteristic of the tip stick-slip motion. The respective 
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modulations correspond to the distance between rows along the y-axis in each particular case. 

The opposite sign of the lateral force over each domain allows understanding the 

negative/positive signal observed in large-scale TSM images as direct consequence of the sense 

of the cantilever torsion. Though for domains where the rows are oriented parallel to the sliding 

direction (Figure 3b) a nearly vanishing lateral force is obtained, the intra-row periodicity can be 

appreciated in the image. The stick-slip behavior occurring in atomic-scale FFM imaging is 

commonly identified as the underlying dissipative mechanism of atomic-scale friction (further 

examples in Figure S2 in Supporting Information). Stick-slip is explained within the classical 

Prandtl-Tomlinson model that analytically describes the path of a point-like tip interacting with a 

one-dimensional periodic atomic surface potential. Thus the saw-tooth shape of the lateral force 

reflects the jerking movement of the tip that “sticks” in one energy minimum of the potential-

energy landscape and slips to the next minimum due to mechanical instability.
30,39 

 In the quasistatic limit (zero velocity and zero temperature), the stable equilibrium position of 

the tip in the interaction potential can be analytically determined at any location of the driving 

support, which allows estimating the tip path along the surface and the spring force while 

scanning.
40,41

 For the simplest case of a molecular surface consisting of simple parallel grooves 

(uniaxial potential), as those defined by the molecular PTCDI-C8 stacking,  the forces measured 

in  FFM and TSM modes can be estimated using the Prandtl-Tomlinson model in two-

dimensions (2D).
42

 As a result, these forces would depend on the angle between scan direction 

and groove orientation (details are given in S3 in the Supporting Information) as: 

sinFFMF            and  sinTSMF                      where  90°    + 90°          (1) 

 

 



 10 

Angular dependence of the friction response 

 

 

Figure 4. (a) FFM molecular scale images (and profiles) for two domains oriented parallel and 

perpendicular to the molecular rows. Black arrows indicate the tip sliding direction. The 

periodicity of the stick-slip in each case reflects the inter-row separation (for ϕ =  90º) and the 

intra-row π- π stacking distance (for ϕ = 0º). All images are (10 nm x 10nm). (b) Normalized 

experimental FFM and TSM signals for domains with diverse azimuthal orientation (). The 

black dashed line corresponds to equation 1. Bottom: representative TSM images. 

 

Thanks to the capability of determining the direction of the molecular rows for each domain, 

we can in-situ quantify how the sign and magnitude of the TSM and FFM signals depend on the 

domain orientation and, therefore, explore friction anisotropy.  To remove any possible extrinsic 

effects such as changes in tip radius or applied load, the signal is normalized with respect to that 

of the isotropic surrounding SiO2 substrate.  For each analyzed domain (large-scale images in 

Figure S4), the angle between the PTCDI-C8 rows and the scanning direction is determined from 

the corresponding molecular scale images. The experimental data for TSM and FFM are plotted 

in Figure 4b. TSM molecular-scale images for the most representative cases are also shown.  For 
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TSM a good agreement is observed with the predicted sinusoidal behavior for uniaxial potentials 

(equation 1), indicating that the corrugation perpendicular to the molecular rows has a dominant 

effect on the tip trajectory and the resulting cantilever torsion when scanning in TSM mode. 

However, there is a strong disagreement between the angular dependence of the signal measured 

in FFM (blue triangles in Figure 4b) and the corresponding FFFM() of equation 1. In particular, 

contrary to the experimental observations, the FFM signal under uniaxial potential should vanish 

for ϕ = 0º. This discrepancy comes from the fact that the model does not account for the 

molecular periodicity along the rows (b-axis), which however is at the origin of the stick-slip 

observed for  this particular orientation (Figure 4a).  

As we will demonstrate, the main features of both TSM and FFM signals and their dependence 

with the lattice orientation are well reproduced if the energy landscape leading to the relations in 

(1) is replaced by a more realistic 2D interaction potential resembling the symmetry of the 

PTCDI-C8 lattice. This potential is represented in Figure 5a and given by:  
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Where nm 83.0)90cos(  aax , nm 349.0)90sin(  aay , nm 489.0b  (Figure 

1c). The first term of equation 2 corresponds to the potential corrugation perpendicular to the 

molecular rows, with amplitude U0 and periodicity equal to the distance between rows 

(projection of  a along the x-axis). The second term, with amplitude U1, accounts for the smaller 

corrugation along the rows and provides the 2D oblique lattice unit. Figure 5b shows some 

examples of domains in which the tip slides along the crystallographic directions of the PTCDI-

C8 surface lattice.  
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Figure 5.  (a) 2D and 3D views of the interaction potential (Uint) corresponding to equation 2 

reproducing the symmetry of the PTCDI-C8 surface lattice (γ = 112.8°). (b) Some domain 

orientations for which the principal crystallographic directions of the molecular 2D lattice are 

parallel to the sliding direction in TSM (left) and FFM (right).  

 

The dynamics of a tip interacting with the 2D potential described by the equation 2 (Figure 5) 

has been computed by solving the Langevin equation at 300 K.
42

 For the corrugation amplitude 

defined by the molecular rows we have chosen a value of U0 = 0.25 eV in the range of typical 

surface potentials and consistent with our experimental observations. The simulations show that 
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the ratio between the corrugation amplitude along the molecular rows U1 and U0 is critical and a 

good agreement with the experimental data is found for U1 / U0 =0.2, a value consistent with the 

relative amplitude of the stick-slip when scanning perpendicular and parallel to the molecular 

rows (see text and Figure S5 in the Supporting Information).  

Figure 6 shows the angular dependence of the FFM and TSM signals resulting from our choice 

of parameter values. It is clear that the minor corrugation along the rows, and the fact that the 

lattice vectors a and b are not perpendicular to each other, result in some important anisotropy 

effects which are also observed in the measurements. Note, for instance, that the TSM signal is 

zero at °, due to the alignment the sliding direction with the a-axis (left Figure 5b). On 

the other hand, the maximum stick-slip in FFM occurs when the tip crosses the molecular rows 

along the a-axis (°, whereas it is minimum at ° when the sliding direction follows the 

molecular rows (right Figure 5b). In particular, it is remarkable that the friction force in Fig. 6 

remains finite when  = 0°, as in the experimental observations (Figure 4). At this point, we can 

also note that the 2D potential is at the origin of the different contrast between the two domains 

observed in the TSM image in Fig. 2d, but not in the FFM image in Fig. 2b.  
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Figure 6. (a) Simulated FFM images corresponding to ϕ = 90° and 0°. (b) Angular 

dependence of the FFM signal (blue line) and of the TSM signal (red line) as estimated by 

solving the Langevin equation at T = 300 K with the interaction potential defined by equation 2 

with U1 / U0 = 0.2. Simulated TSM images for specific angles are shown at the bottom.  

 

The simulated TSM and FFM maps in Figure 6 thoroughly reproduce the experimental images 

of Figure 4. In the simulated TSM lateral force, when  = 90° the tip slides along the channels 

keeping a small constant (positive or negative) tilt in the y direction. In this case, the single 

molecules can be hardly identified in the minor corrugation appearing along the rows. Such 

corrugation becomes much more visible as is varied.  Since the main crystallographic 

directions of the surface lattice are not perpendicular, the TSM images with opposite sign of  

are not specular.  

It is also worth to stress the role played by the finite temperature (T). Running the simulations 

with T = 0 changes dramatically the angle-dependence of the TSM and FFM signals (see Figure 



 15 

S6 in Supporting Information) due to metastable locations in the tip trajectory. This is not the 

case at T = 300 K (Figure 6), when thermally activated slip stimulates the motion of the tip in the 

directions corresponding to lower energy barriers.
43

 Thus, even though the crystallographic 

aspects of the molecular surface are the direct cause of the FFM and TSM signals, the 

manifestation of anisotropy will largely depend on the magnitude of the corrugation amplitude 

and the temperature as well as on the material itself (see Figure S7 in Supporting Information). 

Because interaction potential and thermal response are material dependent, it is understandable 

that the sensitivity and anisotropy of the TSM signal varies among molecular materials to reveal 

or not the  structural features on the surface. 

 

Load-dependence of lateral forces  

All the measurements shown so far were performed at the minimum practicably load, i.e., 

close to the pull-off force. The load-dependence of FFM and TSM signals was investigated for a 

particular PTCDI-C8 domain with an orientation of the molecular rows of ϕ  45º with respect to 

the scan directions (see Figure S2 and S4). The range of applied loads was chosen to assure the 

elastic regime of the contact, i.e., before plastic deformation or damage of the molecular films. 

Figure 7 shows FFM and TSM signals as a function of the load. A linear load-dependence is 

found in both cases, but the clearly lower slope for the TSM signal deserves attention.   



 16 

 

Figure 7. (a) Load-dependence of the lateral force signal (absolute value) for a domain oriented 

  45º.  (b) Another data set showing FFM and TSM saw-tooth profiles measured at two 

different loads. Forward data are green or red in the corresponding profiles. 

 

As illustrated in the profiles in Figure 7b, where the stick-slip behavior of the lateral force 

measured in FFM and TSM at two different loads are shown, the effect of load is also visible at 

molecular scale. Whereas at the lowest practical load, the forward and backward paths nearly 

overlap for both signals, the area enclosed in the hysteresis loop of FFM importantly increases 

with the applied load, which is related to a larger energy dissipation. This is accompanied by an 

increase of the amplitude of the stick-slip response. The effect of the load in the TSM profiles is 

notably lessened. Though both signals behave following a similar linear law, their different 

growth rate can be explained by the simulations. In order to do that, the effect of an increasing 

load is modeled through a constant variation of U0 (Figure 8a). This is based on the linear 
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relation between the corrugation of the surface potential and the maximum value of the stick-

slip
44

 and experimentally supported by the direct dependence of the lateral force with load.  

 

 

Figure 8. (a) Scheme showing the increase of the corrugation height of the potential with 

increasing normal load. (b) Simulated load dependence of the FFM and TSM signals for a 

molecular domain oriented  = 45º. 

In Figure 8b we plot the values of both FFM and TSM signals as a function of U0  for  = 45°. 

It is observed that for this orientation of the PTCDI-C8 domain, the FFM signal is approximately 

three times larger than the absolute value of TSM. The proportion between signals is maintained 

upon increasing U0 as a consequence of increasing the normal load. Therefore, as in the 

experimental data (Figure 7), the simulated effect of the load is found to be similar for both TSM 

and FFM signals.  

 



 18 

As a final remark, we note that this works points out that FFM and TSM are both components 

of the lateral force accompanying the stick-slip 2D motion of the tip at molecular-level. This 

refutes the physical interpretation attributing the TSM signal to elastic deformation of the 

surface
23

 and agrees in that the interaction potential at the contact interface represents the major 

physical properties accounting for the settlement of anisotropic frictional forces.
17

  

 

CONCLUSIONS 

Taking as a benchmark sub-monolayer deposits of PTCDI-C8, we demonstrate that the lateral 

forces measured at molecular scale in TSM mode arise, as in FFM, from the stick-slip response 

of the tip elastically driven over the periodic atomic surface potential. This result gives evidence 

of a dissipative origin of the TSM signal and provides understanding of the anisotropy of the 

observed contrast in relation with the surface structure symmetry. Lattice-resolved images 

acquired on top of differently oriented PTCDI-C8 molecular domains provide the azimuthal 

information without the need of sample rotation. By means of realistic simulations, we have 

shown how the Prandtl-Tomlinson model consistently explains the experimental FFM and TSM 

data at molecular-scale. Furthermore, the occurrence and magnitude or the absence of TSM 

anisotropy observed for different molecular systems and/or domains can be simply explained.  

In perspective, the proposed nanotribological approach can be used on a variety of crystal 

surfaces (not only organic) where lattice resolution is readily achieved. This is important since, 

as proven here, TSM is able to catch interesting structural features which are not revealed by 

conventional FFM alone.  One key area for future work is the correlation of the structural-

domain information provided by TSM with the local device function.   
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METHODS 

Experimental part 

All samples were fabricated by sublimation in ultra-high vacuum (UHV) (≈ 10
-8

 mbar) of 

highly purified PTCDI-C8 onto native SiO2/Si (p- and n-doped). The substrates were previously 

cleaned by successive sonication in acetone and ethanol (5 minutes each), immediately 

transferred to the UHV chamber and annealed at a temperature of ~300ºC for 20 minutes. The 

temperature of the substrate during deposition was selected (~100º) to optimize the growth. 

Atomic force microscopy (AFM) measurements were performed in contact mode at room 

temperature and using a commercial head from Nanotec Electronica. Unless specified all 

presented images are raw data. Data were analyzed by using the WSxM freeware.
45

 A four- 

quadrant photodiode was employed to measure the normal and torsion deflections of the 

cantilever. Special care was taken to exclude cross-talk between signals by systematically 

checking normal and lateral force curves versus tip-sample distance, which also served for 

checking tip-sample conditions. Si3Ni4 tips mounted in low nominal force constant (K=0.0.1-0.5 

N/m) V-shaped cantilevers were employed. All the measurements were done in a non-invasive 

manner by using the lowest applied load possible, i.e., in the attractive regime as close as 

possible to the pull off force, thus preventing any tip induced layer deformation. FFM (TSM) 

images were obtained by scanning with an angle of 0°(90º). In other words, the tip sliding 

direction or fast scan is along x(y) in the FFM (TSM) images.  For the load-dependence 

experiments, the same cantilever with a spring constant of 0.1 N/m was used for the whole set of 

experiments. The total normal force is given as the sum of the externally applied load and the 

attractive adhesion force between tip and sample. Forces are given in mV, the direct signal of the 

photodiode.  Load-dependence measurements were done using the so-called 3D modes,
46

 where 
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the spatial scanning is restricted to one line and the piezo displacement is incremented in the y-

axis causing the increase of the external load. 
 

Modelling 

The motion of a point mass representing the tip apex at room temperature has been computed 

using the Langevin equation with the 2D interaction potential described in equation 2.  The tip is 

driven by a spring k = 1 N/m with constant velocity v = 25 nm/s in a direction forming an angle  

as defined in the Figure 1c. Thermal vibrations are introduced in the form of Gaussian distributed 

random noise satisfying the fluctuation-dissipation theorem. The Ermak algorithm is applied and 

the motion is overdamped to assure that the tip is quickly rebound after slip as in reference 42.   
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ASSOCIATED CONTENT 

Supporting information: Additional topographic and lateral force data in both, FFM and TSM 

operation modes, are given for different scales including molecular resolution. Analytical details 

of the model and examples of diverse organic layers with different TSM responses are also 

provided.  
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