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Surfactants play a critical role in bottom-up nanotechnologies due to their 

peculiar nature of controlling the interfacial energy. Since their operational 

mechanism originates from the molecular-scale formation and disruption 

processes of molecular assemblies (i.e., micelles), conventional static-mode atomic 

force microscopy has made a significant contribution to unravel the detailed 

molecular pictures. Recently, we have successfully developed a local solvation 

measurement technique based on three-dimensional frequency-modulation atomic 

force microscopy, whose spatial resolution is not limited by jump-to-contact. Here, 

using this novel technique, we investigate molecular nanomechanics in the 

formation and disruption processes of micelles formed on a hydrophobic surface. 

Furthermore, an experiment employing a hetero-nanostructure reveals that the 

nanomechanics depends on the form of the molecular assembly. Namely, the 

hemifusion and disruption process are peculiar to the micellar surface and causes 

a higher energy dissipation than the monolayer surface. The technique established 

in this study will be used as a generic technology for further development of 

bottom-up nanotechnologies.
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Introduction

Surfactant molecular assemblies, such as micelles and films, are observed in various fields 

because of their basic functionality of modifying interfacial energy; common examples include 

detergents and cell membranes comprising lipid bilayers. They play a crucial role in bottom-up 

nanofabrication technologies of functional nanoarchitectures, e.g., the separation of single-wall 

carbon nanotubes;1 the exfoliation of graphene;2,3 nanosculpting of designable materials with 

complex topologies;4 and fabrication of nanoporous/microporous metal–organic framework 

adsorbents,5 metal nanocrystals,6,7 quantum dots,8 liquid crystals,9 and catalysts for batteries.10 

Hence, obtaining detailed molecular pictures of the micellar structures and 

formation-and-disruption processes is crucial to further develop functional nanoarchitectures. To 

date, static-mode atomic force microscopy (SM-AFM) has successfully revealed micelles’ 

structures at the nanoscale level.11-19 However, jump-to-contact has prevented an accurate analysis 

of their formation-and-disruption processes.12,14,15,20-22 

Over the past decade, we have initiated the visualization of 3D hydration structures23-31 and 

surface charge distributions28,30-32 at the solid–liquid interface using ultra-low noise 

frequency-modulation AFM (FM-AFM). Since this method allows the use of stiff cantilevers, 

information about the tip–sample interaction at all the distances can be evaluated without being 

impaired by jump-to-contact. Previously, we succeeded in the first 3D force mapping measurement 

on surfactant micelles, which visualized the surface charge distribution on hemicylindrical micelles 

(hemimicelles) formed on a hydrophobic graphite surface.28 However, most of the past studies have 
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investigated uniform micellar surfaces, and in addition, they have not taken into account the 

existence of micelles on the tip and the elastic force by compression of the micelles. 

Therefore, in this study, we first characterized FM-AFM force mapping results on surfactant 

micelles by considering the effects mentioned above, which illuminate the detailed molecular 

mechanism of the micellar formation and disruption processes. We then discuss the force mapping 

results of micelles in different phase states, which demonstrates how the different fluidity is 

reflected in experiments. However, to truly understand the molecular mechanism, an experiment 

employing a hetero-nanostructure with the same tip condition is essential because changing the 

phase state affects the tip micelles as well as the sample micelles. Furthermore, the applications to 

practical nanoarchitectures would necessitate the measurement of the local micellar structure that 

depends on the local surface properties. Therefore, we performed force map measurements of a 

hetero-nanostructure comprising hemicylindrical micelles and monolayers, demonstrating that the 

micelles’ viscoelastic structures can be quantitatively evaluated by theoretically analyzing the force 

and the simultaneously obtained dissipation and mean deflection data.
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Methods

Sample and solutions. We used two types of typical ionic surfactants (Fig. S1 depicts their 

molecular structures), i.e., a anionic surfactant, sodium dodecyl sulfate [SDS, 

CH3(CH2)11OSO3
Na] (Wako Pure Chemical Industries, Ltd.: 20765), and a cationic surfactant, 

cetyltrimethylammonium bromide [CTAB, CH3(CH2)15N(Br)(CH3)3] (Nacalai Tesque: 

07906-82). We prepared a 30 mM SDS aqueous solution and a 1 mM CTAB aqueous solution from 

ultrapure water (Merck), whose concentrations are greater than the individual critical micelle 

concentrations (CMCs) (8.3 mM for SDS and CTAB, 0.96 mM for CTAB33, Supporting 

Information A). As a substrate, highly-oriented pyrolytic graphite (ZYA grade, NT-MDT) was 

used. Immediately after the cleavage using Scotch tape in air, the imaging solution was dropped 

onto the surface, followed by the FM-AFM experiments. 

FM-AFM Setup. The details of the instrumentation and force map measurement are described in 

our previous reports.27,30,31 We used a customized commercial AFM head (Shimadzu: SPM-9600) 

with a home-built digital PXI controller based on a field-programmable gate array board  

programmed by LabVIEW (National Instruments: NI PXI-8196, NI PXI-7833R) and a home-built 

FM detector circuit.34 To achieve quantitative and reproducible force measurements in liquid 

environments, we employed a photothermal excitation setup.35 All the experiments were conducted 

in a temperature-regulated enclosure (Mitsubishi Electric Engineering Company, Ltd.: CN-40A), 

which can maintain a constant temperature of 293 or 298 K with a variation of ± 0.1 K. We used 
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PPP-NCHAuD (Nanosensors) cantilevers with the typical spring constant and resonance frequency 

in solutions of 30 N/m and 140 kHz, respectively. Immediately prior to each experiment, organic 

contaminations on the tip were removed by irradiation using a UV-ozone cleaner (Filgen: UV253) 

for a few hours. We set the oscillation amplitude at approximately 0.5 nm peak-to-peak, which is 

lower than the thickness of the hemimicelles. 

Force Map Measurements. We simultaneously acquired 2D vertical images of the frequency 

shift (Δf), excitation voltage, and cantilever mean deflection (z). At each lateral pixel, their signals 

versus distance curves were recorded by translating the tip toward the sample using a triangular 

waveform signal of 11 Hz, which corresponds to a tip velocity of about 40 nm/s. When f reached a 

predetermined threshold value (Δfthr), the approach was immediately stopped, then the tip was 

retracted to the original position while acquiring the signals. The post-processing was conducted 

using a home-built program developed in Visual Studio (Microsoft) as described below. The 2D 

vertical maps were smoothed via a Gaussian kernel filter with the standard deviation of 0.18 nm (x) 

and 0.01 nm (z). The force profiles were created from the averaged f profiles using Sader’s 

method.36 The acquired excitation voltage maps were converted to energy dissipation (Ptip) maps 

using an equation, which considers the coupling with the f signal (Supporting Information B). 
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Results & Discussion

Disruption Process of Micelles. Hemimicelles are formed on a graphite surface11,37,38 while 

being templated by an underneath epitaxial monolayer (Fig. 1a).13,20,37,39 First, we performed a Δf 

map measurement on the hemimicelles in a 30 mM SDS solution with Δfthr of 0.8 kHz (Fig. 1b,c), 

almost same value used in the previous study.28 The image depicts a cross-section of the 

hemicylindrical molecular assembly with the thickness approximately the same as its molecular 

length of 2 nm as previously reported.28 The green region in the bottom of the image is an area 

without data, and the border between the area with and without data represents the distance at which 

Δf reached Δfthr, namely, the “apparent surface”. After conducting an extensive analysis of the 

numerous force map data, we were able to classify the force (Δf) curves into three regimes (Fig. 

1d). The schematics deduced from the experimental results are summarized in Fig. 2. Since the 

surfactant micelles are formed on the hydrophilic surfaces as well,13,40-42 it is highly possible that 

they would also be formed on the SiO2/Si tip surface.19 As discussed later, we assumed that 

spherical micelles were formed on the tip due to the significantly small radius of curvature 

(Supporting Information C).13

Prior to contact between the micelles on the tip and sample, an exponential repulsive force 

regime was observed (regime E), which is caused by the electric double layer (EDL) force (Fig. 2a), 

as already discussed in previous studies.20,22,28 This regime was followed by a micellar elastic 

compression regime (regime C) of ~2 nm in thickness (Fig. 2b).12,14,15,17,20-22,43 Although f linearly 
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increased as the distance was decreased in this regime, the Hertz theory, which predicts a power law 

of 3/2,44 can be fitted to the force versus distance curve converted from the f curve, which 

provides the Young’s modulus of the micelles, as discussed later. The boundary between the EDL 

and Hertz regimes can be estimated from the crossover point between the fitted linear line and 

exponential curve. Following this regime, the hemifusion of the micelles was observed (regime D) 

with a breakthrough Δf of 0.35 kHz, which corresponds to the force of 0.1–0.3 nN (Fig. 2c). After 

that, a significant attractive force due to the meniscus force, followed by a steep increase in Δf, was 

observed during the disruption process of the micelles (Fig. 2d). 

We gradually increased Δfthr from 0.5 to 2.8 kHz (Fig. 3), which correspond approximately to the 

force of 0.4 and 1.2 nN, respectively. When Δfthr was 0.5 kHz (Fig. 3a), the vertical image almost 

similar to Fig. 1(c) was obtained. This means that if Δfthr is insufficient to disrupt the micelles, the 

process follows a direct path from Fig. 2d to Fig. 2f. However, when it was increased to 2 kHz, 

discontinuous jumps appeared in the Δfthr border line, which is apparent surface (Fig. 3b). We then 

further increased it to 2.8 kHz, and six multiple solvation peaks with intervals of 0.52 nm appeared, 

and the apparent thickness of the micelles was increased to 5 nm (see the height difference of the 

apparent micelle from the real graphite in Figs. 3c–e). These multiple peaks can be attributed to the 

surfactant molecules solvated on the surface in a fluid-like micelle, where the observation 

mechanism of the oscillatory peaks seems to be similar to that of room-temperature ionic liquids.45 

In our previous study, we already reported the observation of solvation layers inside the micelle,28 

but only two layers were observed. This result demonstrated that FM-AFM has an advantage of 
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acquiring the solvation measurement over SM-AFM.

Taking into account the regime C, we estimated the total tip–sample distance at the contact of 

their micelles to be 7 nm, which corresponds to the total thickness of the hemicylinder and bilayer. 

This means that if Δfthr is high enough to disrupt the micelles, the process follows the path from Fig. 

2d to Fig. 2f through Fig. 2e. Although it might be possible that a permanently adsorbed additional 

layer exists, it is hardly disrupted without damaging the tip and sample surfaces.

*************************************************************

Micelles in Different Phase States. In the above experiments, we discussed only the 

disruption processes using SDS and next discuss the reformation processes as well. The micelles 

have a physical property of the Krafft temperature, which is defined as the melting temperature of 

the micelles, and hence a different formation process can be observed in either a liquid crystal (LC) 

or gel phase. Those of SDS and CTAB are 288 K46 and 293–298 K,46,47 respectively, which predicts 

SDS micelles in a LC phase and CTAB micelles in either the LC or gel phase at room temperature. 

To compare these different phases, we conducted force mapping experiments on CTAB 

hemimicelles at 298 and 293 K. While topographic images of two types of micelles did not show a 

notable difference, the f map images showed a significant difference. A f map image at 298 K 

showed an image feature similar to that obtained in the SDS solution, which implied the micellar 

formation in the LC phase (Fig. 4a,b). We noticed that the hemimicellar surface was slightly 

translocated upward during the retraction compared to the approach process, but the main features 

were not significantly altered. In contrast, although a hemicylindrical structure was also observed at 
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293 K, the distinct breakthrough force was not observed and hence the micellar structure exhibited 

an entirely bright contrast (Fig. 4c). Furthermore, the retraction image showed a much greater 

hysteresis than that in the LC phase (Fig. 4d), which implies a highly viscous solid-like state. 

Additionally, we examined the simultaneously acquired Ptip images in Figs. 4e–h because its 

signal is commonly utilized for evaluating the viscoelasticity48,49 and atomic-and-molecular 

fluctuations.50,51 We found that a significant difference appears in the Ptip maps. In the LC phase 

(Fig. 4e,f), the bright contrast appeared only in the vicinity of the surface, while in the gel phase 

(Fig. 4g,h), the bright regions extends to the onset of the intermicellar interaction, which is quite 

similar to the corresponding Δf image. The significantly lower Ptip observed in the LC phase 

indicates that the mechanism of the micelle hemifusion and dissociation processes is a reversible 

and purely conservative phenomenon. Since the micelle form is thermally equilibrated with the 

monomers in the bulk solution, there is no intrinsic free energy change associated with the 

formation and disruption processes. Therefore, when the balance of the equilibrium reaction is 

perturbed by the tip interaction, the micellar morphological change would also in principle 

spontaneously occur without an energy loss. Since the inside of the micellar shell in the LC phase 

behaves like a fluid, once the tip is penetrated into the micelles, the high Ptip is unlikely to be caused 

unless the tip does not interact with the strongly adsorbed solvation layers. In contrast, since those 

in the gel phase behaves like a solid, the molecules are not equilibrated and remained on the surface 

even under the tip interaction, which causes the significantly higher Ptip accompanied by an 

irreversible disruption process. These results are consistent with previous studies that showed 
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viscosity52 as well as Young’s modulus53 in a gel phase exhibits more than one order of magnitude 

greater than those in a fluid phase. Note that although SM-AFM is also utilized for evaluating the 

energy loss during the entire force profile, FM-AFM has the advantage that it can be evaluated at 

the moment of the hemifusion-and-dissociation processes. By exploiting the FM-AFM advantage, 

we successfully revealed that the increase in Ptip reflects the phase state and surfactant topology. 

To quantitatively analyze the data, we retrieved a laterally averaged force profile using a force 

conversion method36 on either the top or valley of the hemimicelles (Figs. 4i–l). The distinct 

attractive force was only visible in the LC phase possibly due to the meniscus force, and the force 

profile in the gel phase showed a monotonic increase. The Ptip profiles in the LC phase showed a 

small peak in the elastic deformation regime (see green arrow), which means that compression of 

the micelles is a slightly dissipated structural change. The Ptip curve in the gel phase showed a steep 

increase at the onset of the force rise, followed by a monotonic increase (discussed later in detail). 

In the gel phase, since the molecules in the micelles are not equilibrated with those in the bulk 

solution, the micellar hemifusion causes such a large Ptip due to the irreversible structural change, 

which likely to cause a polymer-brush-like force profile.16,17 

**********************

Micelle Hetero-nanostructure. In the gel phase, we could observe a hetero-nanostructure 

consisting of the hemimicelles that partially exposes monolayers in the same experiment (Fig. 

5a).11,37,38  Therefore, we further applied this technique to a spontaneously formed 

hetero-nanostructure in order to exclude the tip effects and better understand its use in practical 
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applications. We observed a large step line (height: 2.7 nm) across the image (see the blue arrows), 

corresponding to the eight graphite layers. A significant increase in Ptip was observed on the 

hemimicellar region relative to monolayer region (Fig. 5b). We also observed a noticeable increase 

in z on the monolayer region (Fig. 5c). 

*************************************************************

To investigate their nature in more detail, we performed a vertical force map measurement across 

the boundary. The f map in Fig. 5d illustrated a slightly brighter contrast on the monolayer than on 

the hemimicellar region. In contrast, the Ptip map in Fig. 5e depicted the monolayer region with a 

considerably brighter contrast than that observed in the hemimicellar region. Conversely, the z 

map in Fig. 5f showed the hemimicellar region with an obviously brighter contrast regardless of the 

extremely weak signal variations. Although the corresponding retraction images also showed a 

similar contrast as the approach images (Fig. 5g-i), in the f and Ptip maps (Fig. 5g,h), they 

exhibited a hysteretic feature only on the H regions. 

*************************************************************

To perform a quantitative analysis, we extracted the averaged profiles from each region 

(Supporting Information E, Fig. S6, and Fig. 6a), and converted the Δf to force curves (Fig. 6b,c). A 

distinct hysteresis was observed on the hemimicellar region, whereas it was not obvious on the 

monolayer region. Note that the hydration structures in water generally do not exhibit such a strong 

hysteresis as well as Ptip due to the equilibrium system (Supporting Information F, Fig. S7). The 

profiles on the hemimicelles were almost equivalent to those shown in Fig. 4k,l. On the monolayer, 
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the transition between the C and D regimes was not very distinct in the profiles, which indicated 

that the tip seamlessly penetrates into the surfactant gel (Figs. 2g–i). 

By fitting the elastic regimes to the Hertz contact model equation, we estimated their Young’s 

modulus to be the same value of 3 MPa (Supporting Information G), where we considered the 

bottom-effect correction because recent studies have demonstrated that this effect is important for 

the quantitative estimation of the Young’s modulus of a thin material on a rigid substrate.44,54 This 

result implies that apparently high stiffness observed on the monolayer mainly originate from the 

topological difference. This value is just slightly smaller than 10 MPa reported for the lipid bilayer44 

possibly due to the low degree of molecular packing. Note that in one special case, a bare tip was 

realized in experiments, which was the result of the use of a double chain surfactant having a 

significantly low CMC (Supporting Information H). 

Figs. 6d,e depict a steep increase in Ptip at the onset of the micelle hemifusion on the 

hemimicellar region, whereas only a moderate monotonic increase was observed on the monolayer. 

In the z curves on the hemimicellar region shown in Fig. 6f, a minute snap-in with a 10-pm depth 

was observed concurrently with the micelle hemifusion (see the purple arrow). However, this 

occurrence is comparable to the attractive force of 300 pN due to the high stiffness of the cantilever.

Interestingly, in spite of such a strong force, it did not appear in the FM-AFM force profile (Fig. 

6b). Since the f signal does not reflect the absolute value of the force, but instead the dynamic 

equilibrium force at the resonance frequency and proportional to the derivative of the force, the 

transient force is not reflected in principle. This means that it originates from a nonequilibrium 
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meniscus force by the micellar hemifusion, which is not synchronized with the tip oscillation. 

In association with the micelle compression, the tip apex penetrated into the surfactant gel, and 

Ptip discontinuously increased due to the significant viscosity in the gel. In the retraction process, 

Ptip gradually decreased (Fig. 2d) and the pull-off event by the micellar dissociation occurred 2 nm 

far away from the snap-in event (Fig. 2f), which implies that the micelles bridged between the tip 

and sample was stretched by the tip movement. Meanwhile, on the monolayer, such a discontinuous 

increase of Ptip as well as the hysteresis was not observed, which implies a purely conservative 

interaction. 

By fitting the Ptip curves in the disruption regime using a hydrodynamic equation, we estimated 

their viscosities to be 0.3–0.4 Pa·s on both regions (Supporting Information I), approximately 

similar to that of a lipid bilayer (0.2 Pa·s).55 These results indicated that the Ptip contrast observed in 

Figs. 5b,e,h originates from the differences in the thickness of the disrupted molecular gels bound to 

the sample surfaces. 

There are some relevant methods, such as force modulation56 and bimodal AFM,44,57,58 which are 

also powerful techniques for easily acquiring the viscoelastic properties concurrently with the 

topographic imaging. In solution, however, the 3D force map measurement is essential because the 

viscoelastic property three-dimensionally distributes in the solvation structures. Our results clearly 

demonstrated that FM-AFM can not only illustrate three-dimensional structures but also provide 

quantitative information about their molecular-scale viscoelastic properties via the theoretical 

analyses. To the best of our knowledge, we believe that this is also the first report about the 
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comparative analysis of site-specific f, Ptip, and Δz maps simultaneously acquired by liquid 

FM-AFM.

Conclusions

In this study, we disclose the nanomechanics of the formation and disruption processes of 

surfactant micelles in solutions via FM-AFM force map measurements. By precisely analyzing the 

vertical force maps and curves, we found that the force curves can be classified into three force 

regimes: exponential EDL, elastic compression, and micelle disruption regimes. We also measured 

the force maps on a hetero-nanostructure and found that a significant Ptip was observed only on the 

hemimicelle due to the hemifusion and disruption between the micelles on the tip and sample. We 

also quantitatively estimated the Young’s modulus and viscosity of the micelles via theoretical 

analyses with a sufficient consideration for the substrate effect. Information from this study will be 

used to investigate the molecular-scale mechanisms of various bottom-up technologies to facilitate 

the creation of functional nanoarchitectures. 
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Fig. 1 (a) Schematics of two types of surfactant structures observed in the experiments; 

hemimicelles (H) and epitaxial monolayer (M). (b) Schematic of the force map measurement and a 

typical constant frequency shift (f) topography of a hemicylindrical micelle. (c,d) Vertical f map 

obtained in a 30 mM SDS solution with Δfthr of 0.8 kHz in the approach direction. (d) Laterally 

averaged f curves reconstructed from the vertical maps shown in Fig. 1c. The dark purple and 

green broken lines indicate fitted linear and exponential curves for identifying the force regimes, 

respectively.
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Fig. 2 (a–i) Schematics of the molecular disruption/reformation processes of the hemicylindrical 

surfactant micelles (a–f) and monolayer (g–i) structures revealed by FM-AFM. The red and blue 

arrows show the approach and retraction processes, respectively. We assumed that the formation of 

spherical micelles on the tip; however, a monolayer or bilayer like structure is plausible for the case 

in the gel phase. The main difference between the LC and gel phase are, regardless of the tip 

interaction, whether the molecular assembly is a fluid-like structure in a thermal equilibrium system 

or not.
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Fig. 3 (a–c) Vertical f map obtained in a 30 mM SDS solution with Δfthr of 0.8 (a), 2 (b), and 2.8 

(c) kHz in the approach direction, respectively. (d,e) Distance dependence of f curves laterally 

averaged across the hemimicelles in the vertical maps shown in Fig. 3a–c (d) and its vertically 

magnified graph (e). The dark purple and green broken lines indicate fitted linear and exponential 

curves, respectively. Note that we fitted the exponential curve to the experimental result only far 

from the surface by assuming the Debye length to be 3 nm predicted from the experimental 

condition (Supporting Information D). The curve in the C regime was fitted to the linear curve, and 

the crossover point between the fitted linear line and exponential curve was used to define the 

border of the C and E regimes.
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Fig. 4 (a–h) Vertical f (a–d) and Ptip (e–h) maps in the approach (a,c,e,g) and retraction 

(b,d,f,h) directions obtained on CTAB micelles in the liquid crystal phase (298 K) (a,b,e,f) and 

gel phase (293 K) (c,d,g,h). (i–l) Force (i,k) and Ptip (j,l) curves obtained by averaging the curves 

extracted from the top (red curve) and valley (blue curve) of the hemicylinders at 298 (i,j) and 293 

K (k,l). The definition of top and valley position is depicted in the inset of (j,l). In (e,j), the green 

arrow indicates a small peak due to the deformation regime with slightly dissipated process. 
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Fig. 5 (a–c) Constant f topography (a) and simultaneously obtained Ptip (b) and z (c) map 

images on the hemicylindrical (H) and monolayer (M) regions in a 1 mM CTAB solution at 293 K. 

In (a–c), the blue arrows indicate a step line of the graphite substrate. (d–i) Vertical f (d), Ptip (e), 

and z (f) maps in the approach (d–f) and retraction (g–i) directions simultaneously obtained at the 

purple broken lines in (a–c). 
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Fig. 6 (a) Schematic of the force map measurement on a hetero-nanostructure. (b–g) Laterally 

averaged force (b,c), Ptip (d,e), and z (f,g) curves obtained in the hemicylindrical (H) (b,d,f) and 

monolayer (M) (c,e,g) regions shown in Fig. 5. The red and blue curves represent the profiles in 

the approach and retraction directions, respectively. In (b,c), the purple and green broken lines 

indicate the fitted linear and exponential curves, respectively, which were used to define the force 

regimes. In (f), the positions of the snap-in and pull-off events are indicated by the purple and 

orange arrows, respectively.
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