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Understanding the interfacial properties between an atomic layer and its substrate is of key 

interest at both the fundamental and technological level. From Fermi level pinning to strain 

engineering and superlubricity, the interaction between a single atomic layer and its substrate 

governs electronic, mechanical, and chemical properties of the layer-substrate system. Here, we 

measure the hardly accessible interfacial transverse shear modulus of an atomic layer on a 

substrate. We show that this key interfacial property is critically controlled by the chemistry, 

order, and structure of the atomic layer-substrate interface. In particular, the experiments 

demonstrate that the interfacial shear modulus of epitaxial graphene on SiC increases for bilayer 

films compared to monolayer films, and augments when hydrogen is intercalated between 

graphene and SiC. The increase in shear modulus for two layers compared to one layer is 

explained in terms of layer-layer and layer-substrate stacking order, whereas the increase with 

H-intercalation is correlated with the pinning induced by the H-atoms at the interface. 

Importantly, we also demonstrate that this modulus is a pivotal measurable property to control 

and predict sliding friction in supported two-dimensional materials. Indeed, we observe an 

inverse relationship between friction and interfacial shear modulus, which naturally emerges 

from simple friction models based on a point mass driven over a periodic potential. This inverse 

relation originates from a decreased dissipation in presence of large shear stiffness, which 

reduces the energy barrier for sliding. 
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Two-dimensional (2D) materials, such as graphene, are usually exfoliated onto, or directly 

grown on a substrate. Since 2D films or flakes are only one or a few atoms thick, their 

interaction with the substrate is quite important. Indeed, substrate interaction can change 2D 

materials chemical, electronic, and mechanical properties1-3. Furthermore, intercalation of 

atoms between substrate and 2D layers is a common methodology to tune the properties of 2D 

films, including doping level and conductivity4,5, interlayer friction6, stiffness7, catalytic 

activity8, and optical properties9. Interlayer and layer-substrate interactions are usually probed 

by investigations of their electronic properties, e.g. angle-resolved photoemission spectroscopy 

(ARPES)4, or by studying the presence of strain in the films by Raman spectroscopy10,11. 

Recently, interlayer elasticity has been probed by atomic force microscopy (AFM), and has 

shown a high sensitivity to the presence of intercalated water in graphene oxide7.  

An important property of the substrate/2D layer interface is the interfacial transverse (out-of-

plane) shear modulus12, Gint, measured from the in-plane strain experienced by the top atomic 

layer when a shear force, parallel to its surface, is applied to the atomic layer while the substrate 

experiences an opposing force (see Fig. 1a). This shear modulus, which is conceptually similar 

to the C44 elastic modulus in graphite13,14, is critically related to the chemistry, order, and 

structure of the interface14, and it is of key importance to understand strain controlled electronic 

and optical properties15, as well as the frictional behavior of 2D materials16. It is also relevant 

for a broad spectrum of applications, including nanomechanical and nanoelectromechanical 

systems17-20, flexible electronics21, and biology22. Unfortunately, there are very few theoretical 

and experimental studies on the transverse shear modulus of 2D multilayers23,24, and no reported 

measurement or calculation of the interfacial transverse shear modulus of a single atomic layer 

on a substrate.  

Here, we show how to measure and control the interfacial transverse shear modulus of 

supported one and two atomic layers on a substrate, (see Fig. 1a and Fig. S1-S8 in 

Supplementary Information (SI)). In particular, we investigate mono- and bi-layer epitaxial 

graphene on the conventional C-buffer layer on SiC (0001)25 (Fig. 1b, left), as well as mono- 

and bi-layer quasi-free-standing epitaxial graphene on H-terminated SiC (0001)26,27 (see Fig. 

1b, right, Methods part and SI). We show that the interfacial shear modulus increases for bilayer 

films compared to monolayer films, in both systems, i.e., with and without hydrogen 

intercalation. However, interestingly, when H is intercalated between graphene and SiC, Gint 

augments, and it is rigidly shifted towards higher values for both one and two layers. While the 

increase in Gint for two layers compared to one layer can be related to layer-layer and layer-

substrate stacking order, the increase after hydrogen intercalation is explained in terms of the 



graphene layers being pinned by the H-atoms at the interface. Furthermore, we show that Gint 

is a key physical and measurable property to control and predict sliding friction in supported 

2D materials, a topic that has produced a large amount of fundamental yet somewhat 

controversial studies1,28-35.  In particular, for the above-described cases of epitaxial graphene, 

we find an inverse relationship between friction and interfacial shear modulus, explained by the 

increased dissipation in presence of larger shear softness. Accordingly, we find that bilayer 

epitaxial graphene has a lower friction coefficient (larger shear modulus) than monolayer 

graphene, for both graphene on buffer layer and H-intercalated graphene. Moreover, after 

hydrogen intercalation the friction coefficient rigidly shifts, for both one and two layers, 

towards lower values, in agreement with the inverse friction/shear modulus relation. 

Specifically, single layer graphene sitting on H-terminated SiC, where H-atoms provide a 

stronger pinning of graphene on its substrate, has a higher Gint and correspondingly lower 

friction than single layer graphene on buffer layer/SiC. These results can be easily understood, 

without invoking any other argument, with the simple Prandtl-Tomlinson model, which shows 

that for higher Gint values, steady state friction has lower values due to a larger amount of energy 

stored elastically during the gradual sticking period, and a smaller amount of energy dissipated 

during the subsequent fast slipping. The model also shows that the sample with lower Gint 

requires a larger energy barrier to initiate sliding compared to the sample with larger Gint. These 

findings are further rationalized by simplified one-dimensional simulations of a tip sliding over 

a Frenkel-Kontorova harmonic chain, which mimics the graphene layers, in presence of a 

sinusoidal “substrate” potential mimicking the shear stiffness of the substrate. An increase of 

substrate potential amplitude is related to an increase of interfacial shear stiffness. A lower shear 

stiffness – smaller potential amplitude – increases the tip-induced lateral deformation and 

associated dissipative events, resulting in a larger friction – a mechanism that differs from those 

proposed so far for 2D materials. 

 

Interfacial transverse shear modulus experiments 

The interfacial shear modulus of different types of epitaxial graphene films is here investigated 

by using a novel approach (Fig. S3 in SI), which is based on a modified version of the modulated 

nanoindentation (MoNI) method7,36-38. During a typical modulated nanoshear (MoNS) 

experiment, after a silicon AFM tip is brought into contact with a sample at a specific initial 

normal load (FN = 20 nN), the cantilever-holder is driven by a lock-in amplifier to oscillate 

parallel to the graphene surface, with a sub-Å oscillation amplitude (Δx = 0.3 Å) (see Fig. 1a 

and SI). Because of such small oscillation amplitudes and the presence of adhesive forces, 



during the oscillation the tip apex is always sticking to the surface of the sample (no slipping), 

and it induces a lateral shear in the underneath sample in a purely elastic regime, as shown in 

Fig. 1a. In this sticking regime, when static friction prevents the tip to slide, the force per unit 

displacement necessary to shear the top atomic layer in respect to the substrate is proportional 

to the effective interfacial shear modulus39, G*int, defined as: 

 G*int = �2−ν𝑡𝑡𝑡𝑡𝑡𝑡
Gtip

 + 2−ν
Gint
�−1 ,     (1) 

where vtip and v are the Poisson’s ratios, while Gtip and Gint are the interfacial transverse shear 

moduli of the AFM tip material and graphene sample, respectively. By measuring the lateral 

force (ΔFL) experienced by the cantilever during the oscillation Δx, while the tip is sticking into 

contact with the sample surface, it is possible to obtain the lateral stiffness of the tip-sample 

contact, kcontlateral, following the equation39 Δ𝐹𝐹𝐿𝐿Δ𝑥𝑥 = � 1𝑘𝑘𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡 +
1𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡𝑙𝑙𝑙𝑙𝑡𝑡𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙�−1 =  ktotallateral  ,                (2) 

where 𝑘𝑘𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡  is the torsional spring constant of the AFM cantilever (𝑘𝑘𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡  = 70.7 N/m), see SI. 

Furthermore, G*int is related to kcontlateral by the relationship: 𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡𝑙𝑙𝑙𝑙𝑡𝑡𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = 8𝐺𝐺𝑖𝑖𝑐𝑐𝑡𝑡∗ 𝑎𝑎,        (3) 

where a is the tip-sample contact radius, and G*int is defined in Eq. (1). Contact mechanics 

equations39 can then be used to calculate a from the normal load and the adhesion force Fadh : 𝑎𝑎 = �3𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡4𝐸𝐸∗ (FN + 𝐹𝐹𝑙𝑙𝑎𝑎ℎ)�1/3
 ,       (4) 

where Rtip is the tip radius and E* is the effective Young modulus of the tip-sample contact (Eq. 

S4). During the MoNS experiments, Fadh is directly measured from the kcontlateral vs. load curves 

(Fig. 2) as the lowest load at which the contact is lost7, while E* is measured via MoNI/AI for 

each sample (see Methods). 

The lateral contact stiffness is measured at different decreasing loads, while retracting the tip 

from the initial contact load (20 nN), until complete detachment from the surface is achieved at 

FN = Fadh. Gint is then obtained by fitting the experimental kcontlateral(FN) curves with the following 

equation: 

k𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡𝑙𝑙𝑙𝑙𝑡𝑡𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = 8 �2−ν𝑡𝑡𝑡𝑡𝑡𝑡
Gtip

  + 2−ν
Gint
�−1 �3R𝑡𝑡𝑡𝑡𝑡𝑡4E∗ (FN + Fadh)�1/3

.                         (5) 

The above-described MoNS experiments are then performed on different epitaxial graphene 

films of different thickness. In particular, we investigate four different types of epitaxial 

graphene films, namely, 1-layer and 2-layer epitaxial graphene films on the carbon-buffer layer 



(see 1L/Bfl/SiC in Fig. 1b, left panel), and hydrogen intercalated 1L and 2L quasi-free-standing 

epitaxial graphene films (see 1L/H-SiC in Fig. 1b, right panel), more details are reported in the 

Methods section. Figure 2a shows the measured kcontlateral
 (FN) curves, where the data points are 

from a single experiment, while the shaded areas represent the standard deviation for multiple 

experiments. The obtained values of Gint are averaged and summarized in Fig. 3. The 

experiments reveal that Gint in epitaxial graphene increases with increasing number of layers, 

from 188 MPa for 1L/Bfl/SiC graphene to 220 MPa for 2L/Bfl/SiC graphene. First of all, we 

notice that the obtained Gint values are close to the values of the transverse shear modulus (C44 

constant) of bulk turbo graphite, where the layer stacking is random, i.e., between 180 and 350 

MPa14,40, and also close to the values of the interlayer shear modulus of non-supported multi-

layer graphene, about 400 ± 250 MPa24. This observation suggests that the measured Gint is not 

related to an extensive stretching of the interatomic bonds within the graphene layer, equivalent 

to the much stiffer in-plane shear modulus of graphene, about 0.5 TPa41. Secondly, we observe 

the same Gint dependance on the number of layers in both non intercalated and H-intercalated 

graphene samples. The interfacial shear modulus of 1L/H-SiC and 2L/H-SiC is 211 MPa and 

246 MPa, respectively. The ratio between Gint of 1L and 2L is equal to 0.86 for both non-

intercalated and intercalated graphene, which corresponds to an increase of 16% for 2L in 

respect to 1L. This identical layer dependence of Gint with the number of layers suggests that 

the origin of this increase is the same in both intercalated and non-intercalated graphene. 

Density functional theory (DFT) calculations have shown that the transverse shear modulus 

(C44) of graphitic systems depends on the stacking orientation of the layers, with the perfect 

stacking (hex-g, AB) exhibiting the highest shear modulus, while the lowest modulus is 

attributed to random stacking14. For bilayer epitaxial graphene, the AB (Bernal) stacking 

structure is indeed the energetically favorable geometry42. Whereas regarding monolayer 

graphene, in the case of 1L/Bfl/SiC, it is sitting on top of the buffer layer, which is a disordered 

mixture of sp2 and sp3 hybridization42,43 and has a certain, relatively modest, degree of 

roughness. On the other hand, in H-intercalated samples, the first graphene layer sits on top of 

a H-terminated SiC surface44, while the second layer is again forming an AB (Bernal) stacking 

structure with the underlying first layer45. Therefore, we argue that the stacking misorientation 

of 1L graphene either on buffer layer or on H-SiC is the origin of a decreased Gint compared to 

the ordered AB stacking of 2L graphene.  

While the decrease in interfacial shear modulus for 2L films compared to 1L films is thus 

understood in terms of stacking, the 31% increase in Gint after hydrogen intercalation can be 

explained by a pinning effect. Raman spectroscopy (see SI) indicates that hydrogen 



intercalation decreases the number of defects in the graphene films, suggesting that defects are 

not responsible for the pinning. Neither does adhesion energy, which remains basically the same 

after H-intercalation (see Supplementary Information Table 2). However, our data suggests that 

H-atoms at the interface actually provide a source of pinning more important than that of the 

buffer layer, and hinder the shear of the top atomic graphene layer. While H-atoms are 

predominantly attached to the SiC substrate, we cannot exclude that a very small portion of 

hydrogen is also attached to the bottom of the graphene layer, further increasing the pinning 

effect. We remark that in the case of 2L films on H-terminated SiC, the effect of the bottom 

layer hindered shear propagates to the top layer, increasing the overall shear stiffness of 2L/H-

SiC compared to 2L/Bfl/SiC. 

 

Friction force experiments 

As mentioned earlier, the lateral stiffness of the contact between the 2D film and the tip sliding 

on top of it – which is proportional to G*int – is intimately connected with the static and dynamic 

friction processes39. In particular, the interfacial shear modulus has a direct impact on the energy 

dissipation mechanisms underlying friction. However, previous studies have not considered the 

role of the interfacial shear modulus in understanding friction in 2D materials. So far, the well-

known decrease in frictional forces when increasing the number of atomic layers in 2D 

materials has been attributed to either a puckering effect31, or to phonon-electron coupling in 

epitaxial graphene29. Here, we show that the interfacial shear modulus is a key physical and 

measurable property to control sliding friction in supported 2D materials. To investigate the 

correlation between interfacial shear modulus and frictional dissipation when a nano-tip slides 

on top of a 2D supported film, we perform AFM friction force microscopy (FFM) 

measurements35. Friction forces are measured for two types of non-intercalated epitaxial 

graphene samples (namely 1L/BFl/SiC and 2L/Bfl/SiC) and two H-intercalated samples 

(namely 1L/H-SiC and 2L/H-SiC), as a function of varying normal load, from -10 nN to 50 nN. 

More details about the FFM experimental set up are available in the Methods section and 

Supplementary Information.  

The AFM topography and friction force maps acquired on the graphene samples at a specific 

normal load (FN = 50 nN) are displayed in Fig. 4a. For each graphene sample, the friction forces 

FF are extracted from the friction maps. We remark that in each sample there are areas with 

different number of layers, as identified by the friction maps and Raman spectra. From the 

friction maps at different loads of the different areas of interest – highlighted by solid-line 

boundaries in Fig. 4a – we obtain and then plot the average friction force vs. normal load, as 



displayed in Fig. 4b. We observe that 1L graphene shows higher friction than 2L epitaxial 

graphene. For example, at FN = 50 nN 1L/Bfl/SiC friction forces are around 1.5 times larger 

than 2L/Bfl/SiC, in good agreement with the literature data28,29. To date, the friction behavior 

of H-intercalated graphene has not been studied, to the best of our knowledge. As expected for 

the case of non-intercalated samples, also the friction forces of H-intercalated graphene 

decrease with increasing number of layers, for the entire range of applied normal loads. 

However, surprisingly, the friction forces rigidly decrease to lower values for H-intercalated 

graphene, for both 1L and 2L samples. Similarly, with what we find for the interfacial shear 

modulus, we observe the same friction force values for non-intercalated 2L/Bfl/SiC and 

intercalated 1L/H-SiC. To get a better understanding of the intrinsic frictional properties of the 

materials, we also calculate the friction coefficients, μ. By fitting the friction force curves in 

Fig. 4b with the power-law fitting curve described in Eq. 7 (see Method section), we derive the 

friction coefficient µ for the four types of graphene samples. In particular, we obtain a 

coefficient of 2.3×10-2 nN1/3 for 1L/Bfl/SiC, 1.4×10-2 nN1/3 for 2L/Bfl/SiC, 1.4×10-2 nN1/3 for 

1L/H-SiC, and 0.9×10-2 nN1/3 for 2L/H-SiC. The values of the shear moduli and friction 

coefficients for the two pairs of non-intercalated and intercalated graphene are reported in Fig. 

4c and summarized in the table depicted in Fig. 3. From Fig. 4c we can observe an inverse 

relationship between the interfacial shear modulus and the friction coefficient of the graphene 

samples, suggesting a correlation between the two physical parameters. The frictional behavior 

of 2D materials has been so far ascribed to the so-called puckering effect1,31, electron-phonon 

(e-ph) coupling29, surface roughness46 and adhesion forces47, or to a combination of these 

factors. Based on our results in intercalated epitaxial graphene, we can discard meso-nanoscale 

roughness and adhesion as the main driving forces. Indeed, we measure similar values of 

surface roughness and adhesion forces across the non-intercalated and intercalated pairs of 

samples, as reported in Table S2 of the Supplementary Information. Regarding the puckering 

and e-ph coupling effects, while they certainly play a role, the results here reported clearly 

indicate that the key parameter controlling friction in epitaxial graphene, and likely other 2D 

materials, is the interfacial shear modulus. For example, we find that for non-intercalated 2L 

graphene and H-intercalated 1L graphene the friction behavior is identical, as it is their Gint. 

Furthermore, the ratio between Gint of 2L and Gint of 1L is the same for both non-intercalated 

and intercalated graphene samples, as it is the ratio of the corresponding friction coefficients. 

In order to understand the relationship between interfacial shear elasticity and friction, we have 

developed simple friction models, as discussed in the next paragraph.  

 



Friction force simulation and discussion  

To simulate the friction force probed by a sliding AFM tip on a surface we first use the simple 

Prandtl-Tomlinson (PT) model48,49, where a nano-tip is dragged by a spring over a corrugated 

energy landscape. In the PT model the total potential energy U(x,t) of the system is described 

by: 

U(𝑥𝑥, 𝑡𝑡) =
12 ktotallateral  (𝑥𝑥 − 𝑣𝑣𝑡𝑡)2 + 𝑉𝑉𝑡𝑡𝑖𝑖𝑡𝑡−𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙(𝑥𝑥).                               (6) 

Here the first term on the right-hand side represents the potential energy stored in the total 

lateral spring constant of the tip-contact system, ktotallateral   (see Eq. 2) when the tip is sliding with 

velocity v (v = 1 m/s). The second term describes the energy barrier that the tip has to overcome 

to slide over the periodic lattice of the sample surface, more details are reported in Methods and 

the SI. As discussed in Equations (1), (2) and (3), the value of Gint is directly related to the value 

ktotallateral. Here, the PT model is then used to simulate friction forces for samples with different 

values of Gint (see Fig. 5a and SI). Like in the above-reported experimental results, the PT model 

demonstrates that for higher Gint values, steady state friction has lower values, due to a larger 

amount of energy stored elastically during the sticking regime, and a smaller amount dissipated 

during slip. This can be easily seen in Fig. 5b (see Fig. S10), where we show the potential 

energy of the system, see U(x,t) in Eq. 6, represented by a corrugated parabola, as a function of 

the tip position, for two different values of Gint. The curves indicate that when the tip starts 

sliding (slip event) on the sample with larger Gint, the same tip, for a sample with lower Gint, 

still has an energy barrier to overcome before starting to slide. As a consequence, the friction is 

larger for smaller Gint. 

While this simple PT model immediately rationalizes the experimental results, it is informative 

to gain a more intimate physical understanding of the dissipation process. To do that, we 

develop 1D cartoon simulations based on a Frenkel Kontorova (FK) model, where a point tip 

dragged by a spring with velocity v slides onto a 1D harmonic chain representing the graphene 

layer, while the chain atoms feel underneath a sinusoidal potential taken with the same spacing 

as the chain (a commensurate FK model), mimicking the layer-substrate interaction (Fig. 5c). 

The chain is therefore pinned against sliding, by an amount controlled by the magnitude A of 

the layer-substrate interfacial potential: weak A represents sliding on the carbon buffer layer, 

stronger A sliding on H-terminated SiC. The resulting friction force model evolution of Fig 5c 

shows the initial elastic displacement with overall stiffness ktotallateral, from which the contact 

lateral stiffness kcontlateral  is extracted (see Eq. 2), followed by atomic stick-slip events. Steady 

state friction and kcontlateral  as a function of A are displayed in Fig. 5d, showing that the same 



behavior reported experimentally is reproduced in this model. A larger A yields a larger 

interfacial shear stiffness and a lower friction, since lesser atoms are displaced and lesser 

“bonds” with the graphene layer are broken. The displaced atoms need not pucker outwards 

which will cost a large adhesion energy but will locally slide out of commensurability with the 

substrate for a limited range. We are thus led to two conclusions. First, interfacial shear 

stiffness, related to the layer-substrate interfacial energy, controls friction. Second, frictional 

work, which must comprise an important part from bond breaking, decreases despite the larger 

layer-substrate interfacial energy between graphene and H-SiC (compared to the Bfl/SiC 

substrate), because the spatial extent of the distortion decreases for larger values of Gint.  

 

Conclusions 

By using the sub-Ångstrom-resolution modulated nanoshear method, we measure the interfacial 

transverse shear modulus of atomically thin epitaxial graphene layers on SiC. We show that 

this modulus is a key property of the interface between a single atomic layer and the underlying 

substrate, and is critically controlled by the chemistry, stacking, and structure of the graphene-

substrate interface. Indeed, the experiments show that when H is intercalated between graphene 

and SiC, the interfacial shear modulus augments, and it is rigidly shifted towards higher values. 

Furthermore, we find that the interfacial shear modulus increases for bilayer films compared to 

monolayer films, in both systems, i.e., with and without hydrogen intercalation. The increase 

of Gint for two layers compared to one layer can be related to layer-layer and layer-substrate 

stacking order, whereas the increase after hydrogen intercalation is explained in terms of the 

graphene layers being much more pinned by the H-atoms at the interface, compared to the H-

free case. 

Importantly, the interfacial shear modulus, largely ignored so far, is pivotal to control and 

predict sliding friction in supported graphene, a topic that has produced a large amount of 

fundamental yet somewhat controversial studies. In particular, we find that the friction 

coefficient is inversely related to the interfacial shear modulus, and this result can be easily 

explained by simple 1D sliding friction models, which show that for larger shear softness, a 

larger amount of energy is dissipated during sliding while a smaller amount of energy is stored 

elastically. This picture explains in full the experimental friction results by only considering the 

shear stiffness, without the need to invoke other effects, such as puckering, or electron-phonon 

dissipation. These results can be generalized to other 2D materials, and represent a way to 

control atomic sliding friction.  



To conclude, the ability to measure and tune the interfacial shear modulus of a single atomic 

layer on a substrate has the potential to open new directions in terms of fundamental 

understanding of atomic interfaces, and in terms of new approaches to manipulate strain fields 

for band-structure engineering and photonics applications.  

 

Methods 

Growth and hydrogen intercalation of epitaxial graphene films on SiC: 

Large area epitaxial graphene films are grown on the Si-face of on-axis 6H SiC (II-VI Inc.) by 

thermal Si sublimation in Argon atmosphere, as described in Ref.25. The first carbon layer 

forming from the decomposition of the Si-face of the SiC substrate is a complex interface layer, 

called the buffer layer (Bfl), which is partially covalently bonded to the SiC surface (Fig. 1b 

left panel). The successive graphene layers are on top of the buffer layer. Therefore, when we 

refer to monolayer epitaxial graphene and bilayer epitaxial graphene, we consider one layer and 

two layers of graphene on top of the buffer layer, respectively. Hydrogen intercalation at the 

interface between SiC and the Bfl is obtained by means of H annealing of as-grown epitaxial 

graphene films, to achieve quasi-free-standing graphene films on H-passivated SiC26,27. In 

particular, 1L/H-SiC is obtained from hydrogen intercalation of bare Bfl, while 2L/H-SiC is 

obtained from hydrogen intercalation of monolayer epitaxial graphene – see Fig. 1b and Fig. 

S1 in the Supplementary Information for a visual schematic of the crystal structure of the four 

samples. Raman spectroscopy is used to assess the crystal quality and the number of atomic 

layers in each of the four samples, and to confirm the successful intercalation of hydrogen and 

the formation of free-standing graphene – see SI.  

 

Modulated Nanoindentation (MoNI/Å-I) measurements of E*: 

In order to derive the interfacial shear modulus from kcontlateral via Eq. 5, the effective Young’s 

modulus E* needs to be measured. We determine the effective Young’s moduli E* of the four 

graphene samples via AFM-based Modulated Nanoindentation (MoNI/Å-I), performed with an 

Agilent PicoPlus AFM. A detailed description of the MoNI/Å-I method is provided in the 

Supplementary Information and it is extensively treated in Refs.36-38. Here, we perform 

MoNI/Å-I indentations with maximum loads of 100 nN and indentation depths ~ 1-2 Å. We 

remark that these loads are not high enough to activate the graphene-diamene phase transition. 

Force-indentation curves are acquired on multiple regions (more than 30) of the two non-

intercalated and two H-intercalated samples. The effective Young’s moduli of the samples are 

extracted from the force-indentation curves by fitting via the nonlinear Hertz’s model37. The 



four samples exhibit all similar Young’s moduli, around 400 GPa (390 GPa for 1L/Bfl/SiC, 363 

GPa for 2L/Bfl/SiC, 384 GPa for 1L/H-SiC, and 389 GPa for 2L/H-SiC), which are values 

similar to the Young’s modulus of the SiC substrate50. The contact stiffness measured via 

nanoindentation on supported 2D materials accounts for the elastic response of both the 

overlying thin 2D layers and the underlying substrate. The results are summarized in Fig. S8 in 

the SI.  

 

Interfacial shear modulus and modulated nanoshear measurements:  

A detailed description of the MoNS technique can be found in the Supplementary Information 

(see Fig. S3). During the interfacial shear modulus measurements, the AFM tip is brought into 

contact with the sample at a specific normal force, which is controlled by the AFM feedback 

loop. Sub-angstrom lateral oscillations are applied to the AFM tip-holder via a piezoelectric 

stage at 2.213 kHz controlled by a Lock-in amplifier while the tip is sticking in contact with the 

sample surface (no slip). The variation in lateral force at each normal load is recorded during 

AFM tip retraction from the sample until complete withdrawal from the surface is achieved, at 

a rate of 0.9 nN/s. We perform MoNS experiments on multiple areas of the four sample surfaces, 

acquiring 30+ klateral
cont vs FN curves for each sample (See Fig. S4 in the SI). The interfacial 

transverse shear moduli Gint obtained from the 30+ curves are averaged and summarized in Fig. 

3. More details on the technique and the reproducibility of the results are provided in the SI.  

 

Friction force measurements: 

The friction force measurements are performed on a Brucker Multimode 8 AFM using a silicon 

AFM probe (PPP-LFMR, Nanosensors, tip radius Rtip ~ 10 nm, normal spring constant 0.3 N/m, 

as measured by the thermal noise method). Topography and friction force maps (1.5 x 1.5 µm2) 

are collected while scanning the tip in contact with the surface of the graphene samples, with a 

scanning speed of 6 µm/s – see Fig. 4a. Even within this small scanning area, it is possible to 

find graphene domains of different thickness, as we can see in the bottom/first-from-left panel 

in Fig. 4a, where we have areas of 1L graphene and areas of 2L graphene in the same scan29. 

We extract the average friction force selectively from the regions of interest of the friction map 

– highlighted with solid-line boundaries in Fig. 4a. From each sample, we collect friction force 

maps at different normal loads, from -10 nN to 50 nN, with 10 nN steps. The friction forces 

reported in the friction curves of Fig. 4b are the average values from different positions. The 

normalized distribution of the friction force values measured on each sample (for a specific 



normal load, 50 nN) is available in Fig. S7. To obtain the friction coefficient μ, for each 

graphene sample, we fit the respective friction curve using the following nonlinear equation51 𝐹𝐹𝐿𝐿 = μ(𝐹𝐹𝑁𝑁 + 𝐹𝐹𝑙𝑙𝑎𝑎ℎ)2/3.      (7) 

Here Fadh is the adhesion force, and µ is the friction force coefficient. For more details about 

the friction experimental set up and results, see SI. 

 

Computational methods: 

Prandtl-Tomlinson Model. The time evolution of the system, as sketched in the inset of Fig. 5a, 

with the total potential energy (Eq. 6) is obtained from the solution of the equation of motion48,49 

m�̈�𝑥 = − dU(x,t)dx − mηẋ ,                             (8) 

where m is the mass (m = 501.40mcarbon), and η is the damping parameter (η=18.75 ps-1)52. The 

total potential is described by Eq. 6, where the Vtip-layer potential is described by the following 

equation: 𝑉𝑉𝑡𝑡𝑖𝑖𝑡𝑡−𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙(𝑥𝑥) = V �1 − cos �2πa x�� .   (9) 

The friction force is calculated by 

FF = ktotallateral(X(t)− x(t)),               (10) 

where X(t)=vt is the coordinate of the pulling spring and x(t) is the tip coordinate. The steady 

state value can be calculated as a time average of the friction force. The numerical solution of 

Eq. 8 is obtained using a Python code with a time step of 2.5 ps. 

Frenkel-Kontorova Model. Non equilibrium model molecular dynamics simulations are carried 

out with a home-made code. As sketched in the inset of Fig. 5c, a one-dimensional chain of 120 

particles of mass mc and first neighbor harmonic potential stiffness k0 (graphene) is sliding on 

an external rigid sinusoidal potential (the substrate) of amplitude A and same spacing as the 

chain at rest, i.e., a commensurate Frenkel-Kontorova model. A point tip of mass M is dragged 

by a spring (spring constant equals to klevert ) over the chain. The time evolution of frictional 

force is obtained by Eq. 10. Friction eventually converges for sufficiently large times and 

sliding distance to the steady state value of friction.  The interfacial shear stiffness kcontlateral
 is 

obtained, starting from initially relaxed conditions, from the initial slope of the friction curves 

in Fig. 5c, using Eq. 2. 
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Figure 1 | Interfacial shear modulus experiment. a) Scheme of the interfacial shear modulus experiments. 

Initially, an AFM tip is brought into contact with a graphene layer sitting on a substrate (left panel). The AFM tip 

is then (right panel) oscillated in-plane while in contact with the graphene surface, causing rigid moving of the 

graphene atomic layer and/or stretching of the interatomic bonds within the graphene layer, in an elastic regime 

(no slipping). b) Schemes of (left panel) one epitaxial graphene layer on the conventional C-buffer layer on 

SiC(0001), and (right panel) one quasi free-standing graphene layer on SiC(0001) after hydrogen intercalation. 

 

 

 

 



 

Figure 2 | Interfacial transverse shear modulus measurements. Contact stiffness (kcontlateral) versus normal load 

(FN) obtained from the modulated nanoshear measurements, for 1L/Bfl/SiC, 2L/Bfl/SiC, 1L/H-SiC, and 2L/H-SiC. 

The solid lines represent the nonlinear fitting with Eq. 5, the markers represent data points from a single 

experiment, and the shaded areas represent the standard deviation for multiple experiments. In the insets, the 

schematics of the respective crystal arrangement of the four samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

Figure 3 | Interfacial transverse shear modulus results. a) Variation of the interfacial transverse shear modulus 

extracted from fitting the experimental data in Figure 2, according to Eq. 5, with the respective standard deviations. 

b) Table summarizing the values of the interfacial transverse shear modulus Gint and friction coefficient μ for the 

different graphene samples, with standard deviation errors of 15 MPa and 0.002 nN1/3, respectively. 

Graphene Gint (MPa) μ (nN1/3)10-2 

1L/Bfl/SiC 188  2.3 

2L/Bfl/SiC 220 1.4 

1L/H-SiC 211  1.4 

2L/H-SiC 246 0.9 



 

Figure 4 | Correlation between friction force and interfacial transverse shear modulus. a) Contact-mode 

AFM topography maps (top panels) and friction force maps (bottom panels, acquired at 50 nN normal load, same 

lateral scale as the topography maps) for the two pairs of non-intercalated and H-intercalated graphene samples. 

The first column shows a sample with areas of 1L graphene and 2L graphene on the buffer layer on SiC. In the 

second and third column, we present maps of 1L/H-SiC and 2L/H-SiC graphene films, respectively. b) Friction 

force versus normal load for the different graphene samples. Here, friction values are extracted and averaged from 

the corresponding areas highlighted in the friction maps in (a), marked by solid-line boundaries. The average 

friction force values are plotted as markers, while the dashed curves represent the theoretical fit with Eq. 7. c) 

Comparison between interlayer transverse shear modulus and friction force coefficient for the two pairs of non-

intercalated and H-intercalated graphene samples. The friction coefficients are extracted from fitting the 

experimental data in (b) with Eq. 7 for 1L/Bfl/SiC (2.3×10-2 nN1/3), 2L/Bfl/SiC (1.4×10-2 nN1/3), 1L/H-SiC (1.4×10-

2 nN1/3), and 2L/H-SiC (0.9×10-2 nN1/3).   

 



 

Figure 5 | Friction force modeling. a) Prandtl-Tomlinson modeling of the friction forces as a function of tip 

sliding distance. In the inset a cartoon of the PT model, where the tip slides on a fixed potential representing the 

graphene plus substrate system. b) PT potential energy (see Eq. 6) as a function of the AFM tip position, according 

to the PT model. (c) FK modeling of the friction forces as a function of tip sliding distance. In the inset a cartoon 

of the FK model, where the tip slides on top of a 1D chain of springs (representing the graphene atoms), which 

moves on top of a fixed potential (representing the graphene-substrate interaction). (d) Sliding friction force and 

transverse shear stiffness vs. layer-substrate potential amplitude as resulting from the FK model. The inverse 

relation of the two quantities is similar to experiments 
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