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Structural lubricity, characterized by nearly frictionless behavior at solid incommensurate interfaces with weak interactions, holds significant technological importance. However, various factors can lead to the breakdown of structural lubricity, such as spontaneous reorientation to a commensurate state, applied load, edge effects, deformations, and wear. To overcome these challenges, clusters can be employed at interfaces. With their high Young’s modulus and stiffness, clusters can withstand high loads and tolerate elastic deformations. Therefore, Pt cluster, which inherently possess incommensurate contact with graphite surface, are expected to exhibit structural superlubric behavior, even under high loads, as long as they can sustain incommensurate contact. Our molecular dynamics (MD) simulations, however, have revealed that a Pt cluster on graphite can undergo metastable transitions from the incommensurate state to a commensurate state, resulting in subsequent stick-slip behavior. In the absence of any external load, the Pt cluster has demonstrated the ability to maintain incommensurate contact with almost zero friction force, primarily attributed to its weak interaction with graphite. However, the presence of an applied load force leads to the loss of the initial incommensurate contact between the Pt cluster and graphite, resulting in the emergence of high friction forces and the breakdown of structural lubricity with a similar stick-slip behavior to that observed in the comparative simulations conducted for the commensurate state. It becomes evident that the maintenance of incommensurate contact is crucial for achieving superlubric behavior in Pt cluster-graphite systems, while the presence of an applied load force can disrupt this behavior and lead to higher friction forces.
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1 INTRODUCTION
Structural incommensurability, arising from surface lattice mismatch or natural misalignment, as shown in Figure 1, can prevent interlocking and collective stick-slip motion of interface asperities, with a consequent vanishingly small static frictional force (Mandelli et al., 2017; He et al., 2022). Hirano et al. introduced the foundational framework of structural superlubricity. Since then, numerous experiments at both the nano and meso-scales have consistently confirmed its validity (Hirano and Shinjo, 1990). In principle, both crystalline and amorphous particles could be suitable candidates for structural superlubricity. Yet, even though structural superlubricity has been observed in different material contacts (Lee and Spencer, 2008; Sweeney et al., 2012; Bylinskii et al., 2016; Rees et al., 2016; Berman et al., 2018; Gigli et al., 2018; Mandelli et al., 2019), its implementation in practical solid-solid lubrication schemes remains a challenging task. Several factors, such as the spontaneous pinning of sliding layers to a commensurate state during sliding, the range of applied load, sliding velocity, elastic deformations, edge effects, and contact size, act as key limiting factors for structural superlubricity (Dietzel et al., 2017; Vanossi et al., 2020). Moreover, contact size plays a crucial role in achieving superlubricity, as the threshold for the transition from an incommensurate to a commensurate state is closely related to the interaction energies between the contact surfaces and the lateral stiffness compliance.
[image: Figure 1]FIGURE 1 | Simulated model of Pt cluster and 4 layer graphite system (A) side view of the system. Initial equilibrium distance is h = 3.15 Å and Pt cluster has radius of 6.5 Å (B) top view of the simulated system at incommensurate contact. The moving direction with pseudo AFM tip is also shown.
Clusters are promising candidates for addressing the key challenges in structural superlubricity and for gaining insights into friction mechanisms at the atomistic level. This is due to their higher Young’s modulus compared to bulk structures and their inherent high stiffness. Thus they can exhibit less elastic deformation during sliding. For instance, gold clusters have been shown to have a sliding regime called “ballistic sliding” on graphite with simulations (Guerra et al., 2010). Intriguingly, relatively large metal clusters make friction-free motions. Antimony clusters consisting of atoms within the range of 2,300–250, as well as gold clusters comprising 250 atoms, exhibit rapid diffusion on the graphite surface (Bardotti et al., 1996). Also, clusters that have an inert character to oxidize under ambient conditions and thus maintain an atomically flat interface with the substrate, preventing penetration by dirt molecules, have been shown to exhibit structurally lubric behavior (Cihan et al., 2016). Moreover, even for the same material, monoatomic islands and thick clusters will not exhibit the same friction as shown for metal clusters depending on their size and thickness (Guerra et al., 2010; Brndiar et al., 2011; Reguzzoni and Righi, 2012; Guerra et al., 2016). For instance, the friction force results obtained for Kr islands show that the commensurate configurations, below a critical size, are stable at this configuration and present static friction, as revealed by the stick-slip behavior commonly observed for tips in friction force measurement experiments (Reguzzoni and Righi, 2012). On the other hand, as stated by Aubry theory, an incommensurate 1D chain/substrate interface experience a superlubric sliding state or a pinned frictional state depending on the critical value of the substrate potential corrugation. That is, chemical interactions between sliding surfaces are likely more potent to govern nano friction than a critical size of nanoparticles as confirmed in (Dietzel et al., 2017). Since this theory is also applicable for nano contacts, it is clear that atom-by-atom control of a low friction state is possible only when mutual interactions at the contact satisfy the required conditions governed completely by quantum mechanical effects at the interface (Zanca et al., 2018).
Atomic force microscopy (AFM) tips serve as a valuable tool for investigating the dynamical friction of contacting bodies and measuring static friction. The challenge in using AFM to establish friction laws at the nanoscale lies in the large sensitivity of contact behavior to specific experimental conditions, such as surface chemistry or tip geometry. Overcoming these challenges has been made possible through the use of molecular dynamics simulations, which have proven invaluable in identifying and understanding the atomistic phenomena that underlie friction (Gao et al., 2007; Chandross et al., 2008; Klemenz et al., 2014; Gigli et al., 2018; Mandelli et al., 2019; Jiang et al., 2020). Despite limitations, all levels of MD modeling of friction at nanoscale with specific potentials are highly informative and predictive. Because we still do not have a comprehensive and concise theory of friction applicable to all cases due to its intricate behavior at the atomic scale.
Therefore, we selected Pt clusters to investigate the frictional characteristics of Pt cluster on a graphite surface. Pt clusters are known to resist oxidation under ambient conditions. Because of the high Young modulus of clusters compared to their bulk counterparts, we would expect that the Pt cluster can tolerate high loads owing to its intrinsic stiffness. Moreover, it has been observed that large Pt clusters exhibit superlubric sliding on graphite, although they tend to generate relatively higher frictional forces compared to similarly sized Au clusters (Ozoğul et al., 2017). We performed molecular dynamics simulations to examine the frictional properties of a small Pt cluster comprising 200 atoms arranged in 11 atomic layers from the (111) plane of bulk Pt. Our investigation focused on assessing the effects of commensurate and incommensurate orientations, considering both heat dissipation and load effects. Within our simulation constraints, we analyzed the friction force, friction coefficient, and potential energy changes at a temperature of 4 K. Additionally, we implemented a thermal thermostat to maintain the temperature at 4 K, allowing us to analyze the friction behavior of the Pt cluster while accounting for thermal dissipation.
2 MATERIALS AND METHODS
Figure 1 illustrates our simulation setup, depicting the friction between a 200-atom Pt cluster stacked within an 11-layer (cut from the (111) plane of bulk Pt) and a 4-layer graphite surface. The Pt cluster, with a radius of 6.5 Å, is simulated to slide on top of the graphite substrate. We anticipate that utilizing 11 atomic layers for the Pt cluster would be adequate to maintain an incommensurate state at the interface. This is because thick clusters have a smaller critical contact size required to sustain an incommensurate state during sliding, compared to thin clusters and islands. In general, the Pt (111) slab surface and graphite exhibit mutual incommensurability due to a geometric lattice mismatch between them. To facilitate a comparative analysis of the frictional properties, we intentionally created a Pt cluster orientation that is incommensurate with the graphite surface, as well as a commensurate one. This deliberate selection allows us to examine and contrast the frictional behavior between these different orientations more effectively. The interactions between Pt-Pt, C-C, and Pt-C atoms are modeled using Reaxx potential due to its capability of describing these intralayer and interlayer interactions (Sanz-Navarro et al., 2008).
The Reaxx potential incorporates a self-energy term to account for different charge states of atoms, a Coulomb energy term for electrostatic interactions, and a long-range van der Waals energy term to capture non-bonded interactions. Consequently, a properly parameterized Reaxx potential can effectively describe the atomic-level chemical and mechanical interactions, as well as the relaxation mechanisms, at the Pt-C interface. It offers computational efficiency advantages compared to first-principles methods (Liang et al., 2013).
To simulate a real atomic force microscopy (AFM) experiment and gain insights into the frictional mechanism between Pt and the graphite surface depending on the contact orientation, we employed a pulling tip connected to each Pt cluster atom through harmonic springs. These springs had a force constant (K) value of 16 meV/Å2, which was chosen to mimic the stiffness of an actual AFM tip. The force constant value ensures that the simulation closely approximates the experimental conditions encountered in AFM studies. This simulation setup is an extended version of the Frenkel-Kontorova-Tholimson model (Weiss and Elmer, 1996) in which the simulated nanosystem is driven by a constant velocity with attached springs. In our MD approach, interaction potentials U(r) between atoms are calculated using Reaxx potential. The forces on atoms at coordinates Ri are written as:
[image: image]
Since in a real AFM experiment, cantilever bends depend on the elastic interactions with a body, these elastic interactions can be treated as springs with a certain stiffness (Vanossi et al., 2013). In our simulations, normal loads are applied to the Pt cluster perpendicular to its surface to replicate the effect of normal loads applied in an atomic force microscopy (AFM) experiment. These loads are maintained as a constant force applied through the center of mass of the tip, and the values are positive. To investigate the friction behavior under different loads, the Pt cluster experiences normal loads ranging from 0.05 to 0.38 nN/atom. These loads can be further correlated to pressures ranging from 0.25 to 1.9 GPa. By varying the applied loads within this range, the study aims to examine how friction changes in response to different pressure conditions. To investigate the frictional behavior of the system, we simulate the dragging of the Pt cluster on the graphite surface with a constant lateral velocity of 0.001 Å/fs. It is important to note that the applied normal load remains constant during this dragging process. This approach allows us to examine the interatomic forces and the influence of the applied normal load on the frictional properties of the system, providing valuable insights into the mechanisms underlying the observed friction behavior. In this study, all simulations were carried out using LAMMPS code (Plimpton, 1995). Our quasistatic simulation approach is also previously followed by Fasolino (van Wijk et al., 2013) and Bonelli (Bonelli et al., 2009).
Instantaneous pulling force Fx is defined as the total force experienced by the tip in the direction of sliding x with a pulling velocity of [image: image] at a given time and it is given as:
[image: image]
Here, K represents the spring constant and is assigned a value of 16 meV/Å2, while x represents the sliding direction of the tip.
Since all Pt atoms are attached and dragged with a pseudo AFM tip with these springs, no torque can form, and the Pt cluster cannot rotate during simulations. Therefore, the Pt cluster can keep its initial commensurate or incommensurate position with respect to the graphite surface. Since sliding velocity [image: image] is constant for the pseudo-AFM tip during simulation, this lateral pulling force should be equal to the friction force experienced by the tip during sliding in a lateral direction. Hence, in our quasi-static protocol average of Fx is a periodic function of the tip position.
Also, Fx can be written in terms of Normal load (N) and friction coefficient μ. The time average of Fx is equal to the friction force, which arises from the constant velocity of the dragged Pt cluster with the spring. This friction force is also equivalent to the total energy change of the system (ΔW) along the path given as
[image: image]
The total force Ftotal experienced by the Pt cluster atoms results from the interaction between Pt and graphite. This interaction has contributions from intermolecular and intramolecular interactions as given by:
[image: image]
Here, FReaxx denotes the force between Pt-C, C-C, and Pt-Pt atoms, while Fx represents the force acting in the sliding direction. Additionally, FLoad accounts for the load force experienced by the Pt atoms in the z direction (perpendicular to the Pt surface).
The load force experienced per Pt atom, denoted as FLoad, can be calculated by dividing the total load force, denoted as Load, by the total number of Pt cluster atoms, denoted as N is given by:
[image: image]
It is also a constant for certain values of different loads during each separate simulation. The friction coefficient μ is calculated by dividing the time average of frictional force to load for each load value and is given by:
[image: image]
All simulations were performed along a 5 Å path on graphite.
3 RESULTS
Superlubricity implies that the frictional forces are significantly reduced or effectively eliminated, resulting in smooth and effortless sliding motion of the AFM tip over the surface. Therefore, if the friction is almost zero, it would generally be referred to as superlubricity, regardless of the applied load, in the context of AFM experiments. In our simulations, we dragged the Pt particle with constant velocity on the graphite surface. If a particle is sliding with a constant velocity along a lateral direction, the lateral forces acting on the particle should ideally be zero in the absence of any external influences, resulting in a frictionless motion. However, it is important to note that achieving such perfect superlubricity in practice may be challenging due to various factors such as surface roughness, interfacial interactions, and the elastic response of the system. For instance, the role of intermolecular forces, particularly van der Waals interactions, is significant in understanding the relationship between the friction coefficient and changes in the applied load. Van der Waals forces, which include London dispersion forces and dipole-dipole interactions, are responsible for the attraction and repulsion between atoms and molecules.
To elucidate the friction behavior of the Pt cluster, we initially started with commensurate and incommensurate contacts with the graphite surface. As shown in Figure 1, if the misfit angle ϕ is 0° between graphite surface normal and Pt cluster, contact atoms are mostly registered very well, resulting in commensurate contact corresponding to the zigzag direction of graphite. Whereas there are possibly many incommensurate contacts between the Pt cluster and graphite depending on the misfit angle ϕ. Since incommensurate contact leads to less registering of atoms at the interface, giving rise to less contact of atoms with each other compared to commensurate contact, we have deliberately selected a misfit angle of ϕ = 17° as one of the potential incommensurate contacts to obtain the simulation results. Under zero load conditions (L = 0 nN), the initial incommensurate contact between the Pt cluster and the graphite surface exhibits smooth motion as shown in Figure 2, characterized by a lack of significant resistance or friction. This behavior can be attributed to the weak interactions between the two surfaces, which allow for easy sliding and minimal energy dissipation. When no additional load is applied, the Pt cluster exhibits superlubric behavior during sliding.
[image: Figure 2]FIGURE 2 | Panels (A–F) illustrate the change in Friction force (nN) of Pt-graphite incommensurate contact under various loads as a function of sliding distance (Å). The red line depicts the friction force with zero loads. L stands for the total load force on the system during the simulation.
Initially, as the Pt cluster moves under load, weak intermolecular forces such as van der Waals interactions between the Pt atoms and the graphite surface allow the cluster to adhere or “stick” to the surface. This adhesive force resists the motion of the cluster, resulting in a buildup of stress and deformation in the interfacial region.
However, as the applied load exceeds a certain threshold of 20 nN and above or when the stress accumulation becomes sufficiently high, the interfacial bonds weaken or rupture, leading to a sudden release of stored elastic energy and a rapid “slip” of the Pt cluster across the surface. This slip is accompanied by a decrease in the frictional forces, resulting in a temporary reduction in the resistance to motion and transitioning from an incommensurate state to a local commensurate state. The steep jumps observed in the stick-slip behavior represent the abrupt transition from static or near-static sticking to dynamic slipping. The release of stored elastic energy during this transition results in a rapid displacement of the Pt cluster, causing a sudden drop in frictional forces. This intermittent sticking and rapid slipping lead to a jerky motion, with the stick phase characterized by temporary pinning of the cluster to the surface due to stronger interatomic forces and a higher energy barrier for sliding. With increasing applied load, the interatomic forces between the Pt cluster and the graphite surface become stronger, resulting in a decrease in their initial equilibrium distance from 3.15 Å to 3.007 Å. These strengthened interatomic forces contribute to the observed stick-slip behavior under higher loads. Because it can influence the balance between attractive and repulsive van der Waals forces at the interface between the Pt particle and the graphite surface. The competition between attractive and repulsive forces at the interface determines the magnitude of frictional forces. As the load increases, the balance between these forces shifts, affecting the overall frictional response of the system. In fact, stick-slip motion is not possible for incommensurate contacts. When the initial incommensurate contact is transformed into a pinned commensurate state, we anticipate that the resulting metastable state, which locks the Pt cluster in that commensurate configuration, will correspond to stick-slip motion during sliding. We have checked the Pt cluster position during sliding on the graphite surface. Despite the Pt cluster being continuously dragged at a constant velocity during each molecular dynamics (MD) step, which causes a certain displacement in position, these metastable transitions are not explicitly evident in the position changes due to limitations in the time scale. However, the stick-slip motion of the Pt cluster shows that the Pt cluster rearranges in locally commensurate configuration during sliding as previously stated in (Kim and Falk, 2009). Moreover, before locking in a major position shift of the Pt cluster, the whole system can make abrupt transitions among the available metastable states depending on the energy barrier between these states in the potential energy surface. The occurrence of these abrupt transitions, leading to the eventual locking into a local commensurate state, is manifested as sudden changes in the friction force at different sliding positions, as confirmed in Figure 2. Although the initial configuration of the system is incommensurate with a certain misfit angle, the existence of these metastable states can drive the system into commensurate contact with a potential energy landscape. Since our simulation methodology is quasistatic, it can not capture the required time scale to analyze transitions among possible metastable configurations in the potential energy surface beneath the Pt cluster. Therefore, the time scale for these transitions is shorter compared to the time scale for position change of the Pt cluster. The system follows local potential energy minima surface during these transitions. As a result, the transition to a commensurate contact configuration leads to the occurrence of stick-slip motion upon applied load.
In addition, despite the weak van der Waals interactions at the interface, locally commensurate or incommensurate states can still form during sliding as a result of planar strains. These states can even induce localized structural deformations (He et al., 2022).
To examine the variation of μ for incommensurate and commensurate contact under different loads, we have computed μ by taking the time average of the friction force during the simulation. Our findings demonstrate that the friction coefficient μ is lower for incommensurate Pt cluster-graphite contact compared to commensurate contact, as depicted in Figure 3. This observation is consistent with previous studies on bulk counterparts (Ozoğul et al., 2017). The friction coefficient is 0.2 and 0.08 at maximum load values of 0.5 nN/atom for commensurate and incommensurate contacts, respectively. Incommensurate contact can exhibit friction coefficients as low as 0.02, higher than recent carbon quantum dots on graphite (Ma et al., 2017). The observed linear relationship between the friction coefficient and the applied load signifies that changes in the applied load result in proportional changes in the frictional forces. This consistent response suggests a linear dependency between these two variables. The linear relationship between the friction coefficient and the applied load can be physically interpreted in terms of the contact interactions between the Pt particle and the graphite surface. When the applied load on the system increases, it affects the nature and extent of contact between the two surfaces. As the applied load increases, the Pt particle experiences higher compressive forces, resulting in a larger contact area and increased interatomic interactions with the graphite surface. The increased contact area between the Pt cluster and graphite surface results in a higher number of interfacial bonds and stronger adhesion forces. This can be attributed to the reduced distance between the Pt cluster and graphite, facilitating closer atomic interactions. Consequently, the frictional forces acting on the Pt particle also increase. Similar behavior has been observed in CNx thin film (Kar et al., 2020). Furthermore, in commensurate contacts, the friction coefficient μ is higher compared to incommensurate contacts, indicating stronger registration of Pt atoms with the bottom graphite atoms in commensurate contact.
[image: Figure 3]FIGURE 3 | Friction coefficient for varying loads of (A) commensurate contact and (B) incommensurate contact of Pt-graphite system, respectively.
Structural lubricity is typically less pronounced in the presence of smaller atomic asperities, primarily influenced by the contact area. Because only then has critical contact size been reached for the cluster, incommensurate contact may occur otherwise, commensurate contact can easily develop as confirmed by some AFM experiments with atomic asperities (Guerra et al., 2016; Trillitzsch et al., 2018; He et al., 2022). It is well-documented that larger Pt clusters, when compared to the simulated cluster in this study, demonstrate higher friction forces on graphite compared to Au particles (Ozoğul et al., 2017).
To compare the behavior of incommensurate and commensurate contacts, we also performed simulations where the Pt cluster is dragged in commensurate contact with the graphite surface. In commensurate contact, friction force follows stick-slip behavior for different values of normal load as seen in Figure 4. As the Pt cluster remains pinned within the potential energy minima formed between the Pt cluster and the graphite surface, the spring force gradually becomes increasingly stronger as the Pt cluster continues to slide further. This squeezing of the spring force becomes so stiff that the Pt cluster no longer slides smoothly but instead jumps to the next minima on the potential energy surface, resulting in a discontinuous sliding motion. Therefore these steep jumps occur in friction force with stick-slip profiles in Figure 4.
[image: Figure 4]FIGURE 4 | Friction force (nN) of Pt-graphite commensurate contact under various loads as a function of sliding distance (Å). The red line depicts the friction force with zero loads. L stands for the total load force on the system during the simulation. Notice the change from smooth to stick-slip behavior.
As the load increases from 20 nN to 170 nN, friction force also increases smoothly. This result confirms that the Pt cluster does not show single-asperity contact behavior, which is also argued in (Luan and Robbins, 2005) as a result of local contact roughness. The variations in the heights of the friction force peaks indicate that the Pt cluster becomes pinned at different depths of the potential energy surface along the sliding path. This pinning occurs due to the roughness or corrugation of the potential energy landscape at the local contact.
To confirm the differences in potential well depths between commensurate and incommensurate contacts, we have calculated the per-atom potential energy change (ΔE/atom) during the sliding motion. The initial state serves as the reference for ΔE/atom, which corresponds to the potential energy corrugation and provides insight into the adhesion of the surfaces at zero loads and the equilibrium distance. Under a 20 nN load, the incommensurate contact exhibits a higher potential energy change compared to the commensurate contact (Figure 5A). This difference in potential energy change explains the pinning of the Pt cluster in a metastable state, resulting in stick-slip motion during sliding despite the initial geometric mismatch. The varying distance between the Pt cluster and graphite during sliding, along with the elastic deformation of the edge atoms, likely contributes to the observed stick-slip behavior.
[image: Figure 5]FIGURE 5 | A. Potential energy change (ΔE/atom) (meV) for commensurate and incommensurate contacts under different load forces. (A) Load force: L = 20 nN. (B) Load force: L = 170 nN.
The potential well is also much deeper as much as 0.2 meV, and wider in incommensurate contact compared to commensurate contact as shown in Figures 5A, B. These barriers also indicate the positions where the Pt cluster jumps over these energy barriers without sliding. Since increasing the load does not significantly affect the potential well heights, the elimination of superlubricity between the Pt cluster and graphite mostly originates from local potential energy corrugations between the Pt cluster and graphite. The loss of superlubricity due to local metastable states can be hindered by clusters that have a larger radius, as shown in (Ma et al., 2015). This will turn from pinned to a superlubric condition as soon as cluster size gets large enough to accommodate the natural orientational mismatch, resulting in interface incommensurability. In general, the critical size will be thickness dependent, small for a thick cluster, and larger for a monolayer (Guerra et al., 2016). Larger clusters can experience fewer edge effects that may also eliminate the superlubricity (van Wijk et al., 2013). Elastic deformations of the substrate can further cancel superlubricity and hence affect friction. Since we have considered bulk graphite as substrate, elastic deformation of the substrate can not contribute to the total friction. Therefore depending on the local potential energy corrugation, the Pt cluster remains in commensurate contact, with similar behavior also observed in Si and Kr clusters on Cu (111) (Reguzzoni and Righi, 2012).
To examine the effect of cluster size on the sliding behavior, we performed simulations with a larger Pt cluster measuring 20 Å radius on a graphite surface, as shown in Supplementary Figures S1, S2. Interestingly, even with a larger cluster, we observed a loss of superlubric sliding when a load of 170 nN was applied as shown in Supplementary Figure S3. This finding is consistent with experimental observations where only Pt slabs or significantly larger Pt clusters (average 100 nm) were able to slide smoothly, as supported by both experimental and atomic simulation studies (Ozoğul et al., 2017). From these results, we infer that the geometric incommensurability of the Pt cluster with the substrate is primarily determined by the size of the cluster, assuming the cluster-substrate interaction remains consistent with the Pt (111) surface-graphite system.
4 DISCUSSION
Our simulation setup examined the friction force between Pt clusters and graphite under different load conditions for both commensurate and incommensurate contacts. The concept of superlubricity, where two surfaces slide against each other with minimal friction, is of particular interest. When the applied load is zero (L = 0 nN), our system exhibited nearly superlubric behavior, with no significant frictional force observed. This is due to the minimal van der Waals forces present at the equilibrium distance between the Pt clusters and the graphite surface. However, we observed that the Pt cluster and graphite cannot sustain the superlubric state, even in initially incommensurate contacts. This is primarily caused by the local pinning of the Pt cluster on the graphite surface, influenced by its size and applied load. As a result, stick-slip behavior was observed, indicating the loss of structural lubricity. Similar observations have been reported in other systems, such as Kr islands and Si clusters, where the size of the asperities also leads to the breakdown of superlubricity (Reguzzoni and Righi, 2012).
These findings emphasize the challenges associated with maintaining structural lubricity in Pt cluster-graphite systems and highlight the importance of sustaining incommensurate contact. The frictional behavior is significantly influenced by applied load forces, leading to a transition from an incommensurate to a commensurate state. This observation highlights the detrimental effect of load forces on the frictional properties. This suggests that the incommensurate state may not be truly incommensurate but rather transitioning to a commensurate state. Understanding these mechanisms is crucial for future research aiming to preserve incommensurate contact and achieve superlubric behavior in nanoscale systems. These insights contribute to fundamental understanding of frictional behavior at solid interfaces and have implications for the design of advanced lubrication systems and nanoscale devices.
In summary, this study provides valuable insights into the breakdown of structural lubricity in Pt cluster-graphite systems and advances our understanding of frictional behavior at the nanoscale.
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