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Introduction

Two dimensional (2D) van der Waals (vdW) systems are frequently supported on a substrate or sandwiched in hererostructures which may determine their exact geometry and even impose electronic or chemical exchanges [START_REF] Li | Probing van der waals interactions at two-dimensional heterointerfaces[END_REF][START_REF] Ares | Van der waals interaction affects wrinkle formation in two-dimensional materials[END_REF][START_REF] Huran | Atomically thin pythagorean tilings in two dimensions[END_REF]. Different phenomena such as superconductivity, valleytronics, topological insulation or passivization, can benefit or be affected from the interactions between the 2D-system with its substrate. As a consequence, methods to transfer 2D-systems onto different targeted substrates [START_REF] Kimchan | A review on transfer process of two-dimensional materials[END_REF] or to produce stacks of van der Waals heterostructures [START_REF] Fan | Transfer assembly for two-dimensional van der waals heterostructures[END_REF] are the subject of intense investigation. In this context, finding new methods to control the interaction between a vdW system and its substrate -eventually allowing its transfer -could have a significant impact in many different fields.

Pressure application on such supported systems appears as an interesting way to continuously tune these interactions and better understand them [START_REF] Sun | Mechanical properties of graphene[END_REF][START_REF] Sundqvist | Carbon under pressure[END_REF]. Graphene or graphene-based systems are particularly interesting in this regard due to their simple monoatomic nature and their relative ease of manipulation. In fact, pressure application has been shown to lead in graphene stacks to a combination of mechanical and chemical, e.g. doping, effects [START_REF] Machon | Raman scattering studies of graphene under high pressure[END_REF][START_REF] Forestier | Strain and Piezo-Doping Mismatch between Graphene Layers[END_REF], electronic structure evolution [START_REF] Ke | Large bandgap of pressurized trilayer graphene[END_REF] or to structural transformations [START_REF] Martins | Raman evidence for pressure-induced formation of diamondene[END_REF][START_REF] Martins | Hard, transparent, sp3containing 2d phase formed from few-layer graphene under compression[END_REF].

The ability to induce changes with pressure in the mechanics or chemistry of these systems is expected to bring interesting applications in various fields such as tribology, composite materials or even straintronics -i.e. the tuning of the elec-tronic properties of a sample through mechanical strain. However, a better understanding of the mechanisms at play between graphene and its highpressure environment -its substrate and the pressure transmitting medium (PTM) -is highly desirable to reach the development of technological applications. From an experimental point of view, advanced techniques have been developed for studying graphene interaction with its environment at high pressure, especially using in situ Raman spectroscopy. Indeed, the Raman response of graphene is not only a very rich fingerprint of graphene crystallinity or stacking order determination, but it also provides information on mechanical deformations, adhesion on substrate and doping effects during the compression [START_REF] Sun | Mechanical properties of graphene[END_REF][START_REF] Machon | Raman scattering studies of graphene under high pressure[END_REF][START_REF] Bousige | Biaxial strain transfer in supported graphene[END_REF][START_REF] Nicolle | Pressure-mediated doping in graphene[END_REF]. In particular, from the observation of the pressure evolution of Raman signatures, it has been proposed a possible detachment of graphene or bilayer graphene from its substrate at high pressure [START_REF] Machon | Raman scattering studies of graphene under high pressure[END_REF][START_REF] Filintoglou | Raman spectroscopy of graphene at high pressure: Effects of the substrate and the pressure transmitting media[END_REF]. Nevertheless, no direct proof of such pressure-induced detachment has been provided up to now. While these questions have been raised for graphene or stacks of few layers [START_REF] Machon | Raman scattering studies of graphene under high pressure[END_REF], there is a lack of knowledge on the response of graphene thicker stacks. SiO 2 /Si substrates have a particular place in the study of graphene and graphene based systems.

First of all, they provide an interferencial-based contrast allowing for direct optical observation of graphene. Furthermore, the Raman signal can be enhanced through constructive interference [START_REF] Yoon | Interference effect on Raman spectrum of graphene on SiO2 /Si[END_REF][START_REF] Wang | Interference enhancement of raman signal of graphene[END_REF] in addition to Raman resonances due to the peculiar linear band structure of graphene near the K-point of the Brillouin zone [18,[START_REF] Ferrari | Raman spectrum of graphene and graphene layers[END_REF].

When submitted to high pressures, recent studies have shown that single and bilayer graphene undergo a biaxial compression transmitted from the substrate by interfacial adhesion [START_REF] Machon | Raman scattering studies of graphene under high pressure[END_REF][START_REF] Bousige | Biaxial strain transfer in supported graphene[END_REF][START_REF] Nicolle | Pressure-mediated doping in graphene[END_REF][START_REF] Filintoglou | Raman spectroscopy of graphene at high pressure: Effects of the substrate and the pressure transmitting media[END_REF][START_REF] Proctor | High-pressure Raman spectroscopy of graphene[END_REF]. In these studies, it was observed that only a fraction of the substrate's pressure-induced strain is transmitted to graphene, such as ε G (P ) = αε S (P ) where ε G (P ) and ε S (P ) are the graphene in-plane biaxial strain of graphene and the substrate, respectively, and α is a phenomenological parameter that accounts for the incomplete strain transfer [START_REF] Bousige | Biaxial strain transfer in supported graphene[END_REF]. Similar observations were made in experiments on supported MoS 2 at high pressure, where a bimodal adhesion state was probed [START_REF] Alencar | Atomic-layered MoS2 on SiO2 under high pressure: Bimodal adhesion and biaxial strain effects[END_REF]. The phenomenological parameter α summarizes the graphene-substrate adhesion, friction, graphene bending and ripple formation, the difference in bulk moduli between graphene and its substrate, substrate's roughness and commensurability.

The development of an elaborated, inhomogeneous strain field at the nanoscale due to rippling and/or sliding of graphene over the substrate has been proposed, providing in-plane strain dissipation during the compression mechanism [START_REF] Bousige | Biaxial strain transfer in supported graphene[END_REF]. Graphene buckling and crumpling under compression have indeed been reported in various experimental works on graphene mechanics [START_REF] Deng | Wrinkled, rippled and crumpled graphene: an overview of formation mechanism, electronic properties, and applications[END_REF][START_REF] Androulidakis | Failure Processes in Embedded Monolayer Graphene under Axial Compression[END_REF][START_REF] Yoon | Negative Thermal Expansion Coefficient of Graphene Measured by Raman Spectroscopy[END_REF][START_REF] Jiang | Equi-biaxial compressive strain in graphene: Grüneisen parameter and buckling ridges[END_REF][START_REF] Koukaras | Compression behavior of simply-supported and fully embedded monolayer graphene: Theory and experiment[END_REF]. In ref. [START_REF] Jiang | Equi-biaxial compressive strain in graphene: Grüneisen parameter and buckling ridges[END_REF], the buckling threshold identified corresponds to a compressive strain of 0.21% in the graphene sheet when graphene is on a SiO 2 /Si substrate. In the case of high pressure experiments, a value of ε S (P ) = 0.21% at the SiO 2 /Si substrate surface is achieved at pressure as low as ∼ 0.7 GPa. Pressure induced graphene buckling, leads then to the local production of curved graphene and may be seen as the reciprocal effect of pressure induced carbon nan-otube radial collapse which leads to a local loss of curvature [START_REF] Magnin | Collapse phase diagram of carbon nanotubes with arbitrary number of walls. collapse modes and macroscopic analog[END_REF].

In this study, we assess such buckling, wrinkling, and out-of-plane effects in supported graphene samples loaded in a diamond anvil cell (DAC) pressure apparatus (Fig. 1(a-b)). In such experimental conditions, the sample surface imaging can be obtained using optical in situ probes which are intrinsically limited by the diffraction limit. Thus, only micrometer-scale and larger features can be observed by optical inspection and Raman spectroscopy, while wrinkling and rippling in monolayer graphene are expected to be considerably smaller, i.e. at nanometer scale [START_REF] Nicolle | Pressure-mediated doping in graphene[END_REF]. This is the main reason why such out-of-plane effects have never been observed in high-pressure experiments on graphene, and were only suggested as the mechanism of partial strain transfer from the substrate. Here, we have chosen to study samples of nanometer thickness (few tens of layers) so that these out-of-plane deformations, wrinkles and buckling effects are likely to occur at a larger scale, mostly due to their larger bending stiffness. Our approach is to address these multilayer graphene samples on SiO 2 /Si substrate at high pressure, bringing easier visualization of the out-of-plane displacements by optical inspection thanks to the contrast enhancement effect [START_REF] Blake | Making graphene visible[END_REF] (Fig. 1(c)). It is important to note that the interaction between n-layered graphene samples and the SiO 2 /Si substrate strongly depends on the number of layers, as mentioned. A transition takes place for n > 2, since the bending modulus of thicker systems is large enough to avoid its conformation on the Si/SiO 2 substrate [START_REF] Nicolle | Pressure-mediated doping in graphene[END_REF]. All the studied samples in this work correspond to the n > 2 case. In such conditions, the PTM is susceptible to infiltration between the sample and the substrate surface eventually stabilizing wrinkles as schematically shown in Fig. 1(d). Therefore, both interactions with the substrate and with the PTM are expected to play an important role and will be deeply analyzed in our work. For this, we have performed multiple high-pressure experiments with different PTM commonly used in high pressure studies, such as nitrogen [START_REF] Forestier | Strain and Piezo-Doping Mismatch between Graphene Layers[END_REF][START_REF] Nicolle | Pressure-mediated doping in graphene[END_REF], water [START_REF] Martins | Raman evidence for pressure-induced formation of diamondene[END_REF], paraffin oil [START_REF] Machon | Raman scattering studies of graphene under high pressure[END_REF][START_REF] Amaral | Structural and vibrational properties of carbonophosphates: Na3mco3po4 (m=mn, fe, co and ni)[END_REF], methanol, ethanol and their 4:1 mixture.

Experimental

Thin graphite samples were obtained by mechanical exfoliation from natural graphite (Naturgraphit GmbH) using PDMS thin films [START_REF] Novoselov | Electric field effect in atomically thin carbon films[END_REF]. After a few micro-cleavages, the resulting flakes are deposited on a PDMS stamp for later inspection and transfer. Optical contrast inspection allowed to locate flakes with appropriate thickness for our study (9 to 110 layers of graphene). Sample's thicknesses were then determined with ∼ 3% accuracy, using an atomic force microscope (AFM) MFP-3D (Asylum Research, Oxford Instruments) in tapping mode di-rectly on the flakes lying on PDMS.

The substrates used for high pressure experiments were obtained from a 50 µm thick Si/SiO 2 wafer (raw silicon covered by 300 nm of thermal oxide). It was cut into small square pieces of ∼ 50 µm side using a diamond saw to obtain sufficiently small pieces to be loaded.

The diamond anvil cells used in this work are membrane driven DAC [START_REF] Letoullec | The membrane diamond anvil cell: A new device for generating continuous pressure and temperature variations[END_REF] with 600 µm anvil culet diameter (a DAC with 400 µm anvil culet diameter was also used). Stainless steel gaskets with ∼ 200 µm hole diameter and appropriate indentation thickness (> 50 µm, the thickness of the substrates) were used to properly confine the sample in the DAC (Fig. 1(a-c)).

The loading is performed in two steps: (i) a small square piece of SiO 2 /Si substrate is deposited and glued on the bottom diamond anvil, and (ii) the chosen multilayer graphene flake is transferred on its surface by deterministic dry transfer using a similar set-up to the one described in ref. [START_REF] Castellanos-Gomez | Deterministic transfer of two-dimensional materials by all-dry viscoelastic stamping[END_REF]. One or a few small ruby chips are added along with the sample for pressure calibration through its luminescence lines shift with pressure [START_REF] Chijioke | The ruby pressure standard to 150GPa[END_REF]. An image of the sample environment is shown in Fig. 1(c).

Various PTMs were used: pure methanol and ethanol, their 4:1 mixture, paraffin oil, distilled water, and nitrogen. In the latter case, the PTM load- We may note that in the last picture in Fig. 2(a), black regions can be seen on the SiO 2 /Si substrate surface. This effect was also observed by compression of the substrate alone, without any graphene sample. This corresponds to the fracture of the SiO 2 oxide layer from the underlying Si wafer due to the different strain rates of these two materials with pressure, as already observed in previous work [START_REF] Forestier | Strain and Piezo-Doping Mismatch between Graphene Layers[END_REF]. Indeed, silicon's bulk modulus is three times larger than the one of the oxide layer, leading to the breakdown observed due to interfacial stress [START_REF] Tsiok | Logarithmic kinetics of the amorphousamorphous transformations in sio 2 and geo 2 glasses under high pressure[END_REF][START_REF] Decremps | Equation of state, stability, anisotropy and nonlinear elasticity of diamond-cubic (zb) silicon by phonon imaging at high pressure[END_REF].

Results

Optical

To determine whether similar wrinkling and delamination of the multilayer graphene samples are observed at high pressure using other PTMs, experiments using (i) distilled water, (ii) nitrogen and

(iii) paraffin oil as PTMs were performed. Micrographs obtained at high pressure are shown in Fig. 2(d), (e), and (f), respectively. The thicknesses of these investigated are 8, 10 and 7 nm, respectively.

For these three PTM studied, no comparable wrinkle formation nor complete detachment of the flakes from the substrate were observed, despite reaching pressures similar to the first experiment with alcohol (> 4 GPa). In the case of water PTM, the detachment regions are visually faint but still present in the lower pressure domain. However, its extent is nothing similar to the alcohol PTM case in which a complete detachment occurs.

It is important to consider the different properties of the PTMs, particularly their solidification pressure at ambient temperature. Water as well as nitrogen crystallize at relatively low pressures, 1 and 2.4 GPa, respectively [START_REF] Bridgman | The phase diagram of water to 45,000 kg/cm2[END_REF][START_REF] Vos | Improved phase diagram of nitrogen up to 85 kbar[END_REF]. Paraffin oil, on the contrary, is reported to undergo complete solidification at pressure as high as 7 GPa [START_REF] Otto | Nonhydrostatic compression of elastically anisotropic polycrystals. i. hydrostatic limits of 4:1 methanol-ethanol and paraffin oil[END_REF], with a significant increase in viscosity at ambient temperature in this pressure range [START_REF] Gold | Viscosity-pressure-temperature behaviour of mineral and synthetic oils[END_REF]. During our experiments using paraffin oil as PTM, we did not observe any sign of non-hydrostatic conditions in the pressure evolution of the ruby luminescence lines shifts and widths up to 5.2 GPa, the higher pressure reached. Even if the state (liquid or solid) of the PTM plays an important role as we will discuss later, it is clearly not enough to explain our observations. Indeed, using nitrogen as PTM, no wrinkling or detachment are observed even in its liquid state regime (in the 0 -2.4 GPa range), while it is clearly observed within the same pressure range when the alcohol mixture PTM is used. means that there is no biaxial strain transfer at the atomic scale [START_REF] Bousige | Biaxial strain transfer in supported graphene[END_REF]. This is somewhat expected for stacks with more than two graphene layers [START_REF] Nicolle | Pressure-mediated doping in graphene[END_REF], i.e., for all our samples. Consequently, in the present case, Raman spectroscopy is not a good probe to evidence an evolution in the macroscopic adhesion between the graphene stacks and the substrate. A slightly stronger shift for nitrogen PTM is observed in the higher pressure points, that may be due to a small strain transfer contribution arising from the solidified nitrogen [START_REF] Forestier | Strain and Piezo-Doping Mismatch between Graphene Layers[END_REF].

To better investigate the favoured unbinding effect in the alcohol mixture PTM, we performed high pressure runs on two samples: one in pure methanol as PTM, and the other in pure ethanol. Optical pictures obtained at high pressure are shown in Fig. 2(b) and (c), respectively. In the case of pure ethanol PTM (Fig. 2(c)), the sample wrinkling effect is observed through the rising of light blue channels under the sample, but no complete detachment is found at higher pressures up to 4.8

GPa. Even more, one can see in the images that beyond 3.3 GPa, there is a gradual re-adhesion of the sample on the substrate, observed as the disappearance of some of the light blue wrinkles. When pure methanol was used as PTM (Fig. 2(b)), the effect was more pronounced with a total detachment of the flake near 4 GPa.

It is important to mention that ethanol undergoes a transition from its liquid phase to a solid monoclinic crystal structure near ∼ 1.9 GPa [START_REF] Mammone | Raman spectra of methanol and ethanol at pressures up to 100 kbar[END_REF].

Pure methanol, on the other hand, is expected to undergo a gradual crystallization starting near 3.5 GPa, but is commonly found in a superpressed (metastable) liquid state in the 3.5-10.5 GPa range due to its low symmetry and the strained hydrogen bonds of its molecules [START_REF] Piermarini | Hydrostatic limits in liquids and solids to 100 kbar[END_REF][START_REF] Mammone | Raman spectra of methanol and ethanol at pressures up to 100 kbar[END_REF][START_REF] Kondrin | Phase transformations in methanol at high pressure measured by dielectric spectroscopy technique[END_REF][START_REF] Zaug | Equilibrium properties and structural relaxation in methanol to 30.4 GPa[END_REF][START_REF] Brugmans | Competition between vitrification and crystallization of methanol at high pressure[END_REF][START_REF] Allan | Structure of crystalline methanol at high pressure[END_REF]. In fact, to experimentally achieve crystallization of methanol, a slow pressure cycling above the crystallization pressure is required [START_REF] Allan | Structure of crystalline methanol at high pressure[END_REF]. In our experiments, we always achieved the superpressed liquid phase (see Fig. S2 in SI).

We have summarized our observations in Fig. 3(a) by representing the pressure evolution of the ratio between unbound area of the sample over On the other hand, Fig. 3(a) shows that for ethanol and water PTM, the data points start to follow this same trend up to the point of PTM solidification, above which no further evolution is observed within measurement errors. In the case of nitrogen and paraffin oil, no wrinkling or detachment is observed at all. These observations show that (i) the pressure evolution of the proportion of detached surface does not significantly depend on the flake's thickness, and that (ii) the observed detachment is not only governed by the mechanical response to pressure but also by a specific chemical interaction between the PTM molecules and the multilayer graphene sample.

When wrinkles appear under pressure and while the PTM is fluid, we expect the PTM to immediately adsorb along the newly created nanoporous channels. Much like what is observed at low temperature [START_REF] Zangi | Strings-to-Rings Transition and Antiparallel Dipole Alignment in Two-Dimensional Methanols[END_REF][START_REF] Morishige | X-ray diffraction study of the structure of a monolayer methanol film adsorbed on graphite[END_REF][START_REF] Morishige | Structure and melting of a monolayer ethanol film on graphite[END_REF][START_REF] Zangi | Self-Assembly of Alcohols Adsorbed on Graphene[END_REF], high pressure brings the PTM molecules close together and favors the formation of long adsorbed zigzag chains under the graphene surface. Together with the effect of pressure, this chemical results in wrinkle expansion, leading to the flake's ultimate detachment, as long as the PTM remains liquid.

Discussion and modelling

Our observations of pressure-induced wrinkling and detachment of the multilayer graphene sample in alcohol PTM may appear as counter intuitive.

Indeed, the reduction of the graphene-substrate distance due to the perpendicular force applied to the system -leading to a stronger adhesion between them -is intuitively expected [START_REF] Machon | Raman scattering studies of graphene under high pressure[END_REF][START_REF] Del Corro | Graphene under direct compression: Stress effects and interlayer coupling[END_REF], in opposition to the observed unbinding. In the following paragraphs, we will analyze the details of the wrinkle pattern formation both from our experimental data and through modelling in order to provide an explanation to this unexpected behavior. The substrate and the PTM physical properties will play a central role.

First of all, to understand the origin of wrinkle formation, we must consider the difference in compressibility between the nanometric thin graphite sample and the substrate, characterized by their respective bulk moduli. While the graphite inplane linear bulk modulus is very large, -r∂P/∂r ∼

1250 GPa, the silicon substrate's linear bulk modulus is approximately four time smaller, i.e. ∼ 10 294 GPa [START_REF] Decremps | Equation of state, stability, anisotropy and nonlinear elasticity of diamond-cubic (zb) silicon by phonon imaging at high pressure[END_REF][START_REF] Hanfland | Graphite under pressure equation of state and first-order raman modes[END_REF] (r denotes the inter-atomic distance). In other words, at a given pressure, the linear strain at the substrate surface is four time larger than the in-plane strain of bulk graphite.

Our in situ Raman measurements on the multilayer samples show a similar evolution to graphite, indicating that no additional strain is induced in the sample by adhesion on the substrate as it was observed for the thinnest samples of one or two layers in our previous works [START_REF] Machon | Raman scattering studies of graphene under high pressure[END_REF][START_REF] Forestier | Strain and Piezo-Doping Mismatch between Graphene Layers[END_REF][START_REF] Bousige | Biaxial strain transfer in supported graphene[END_REF][START_REF] Nicolle | Pressure-mediated doping in graphene[END_REF]. However, the multilayer sample is still lying on the substrate (at least initially) and is likely to be displaced by means of adhesion on the compressed substrate at some specific regions or points. These displacements are likely to be dissipated through out-ofplane displacements of the membrane, leading to the observed wrinkling. Similar wrinkling effects were observed in several previous works in which graphene was strained through thermal expansion mismatch with the substrate [START_REF] Yoon | Negative Thermal Expansion Coefficient of Graphene Measured by Raman Spectroscopy[END_REF][START_REF] Jiang | Equi-biaxial compressive strain in graphene: Grüneisen parameter and buckling ridges[END_REF], or through the use of a flexible polymer substrate or matrix [START_REF] Androulidakis | Failure Processes in Embedded Monolayer Graphene under Axial Compression[END_REF][START_REF] Koukaras | Compression behavior of simply-supported and fully embedded monolayer graphene: Theory and experiment[END_REF]. This first mechanical consideration can explain the formation of wrinkles, but does not explain why these are observed with pure methanol PTM (as well as with pure ethanol in the low pressure regime) but not with other PTMs, such as water, nitrogen or paraffin oil. An intuitive criterion to examine the formation of wrinkles is the physical state of the PTM used. Indeed, a solid PTM at the sample surface may hinder the formation of wrinkles, preventing the membrane from buckling in the perpendicular direction. A liquid PTM, however, allows for such buckling and may even be able to diffuse between the sample and the substrate, inside the channels created by the wrinkles. This hypothesis explains the formation of wrinkles with water and pure ethanol PTM that stops at higher pressures (water crystallizes at ∼ 1 GPa and ethanol at 1.9 GPa), and more prominently, the absence of final complete detachment (Fig. 3(a)). On the other hand, neither wrinkles nor detachment are observed in paraffin oil and nitrogen, although paraffin oil, despite its increasing viscosity, remains liquid over the whole studied pressure range, and nitrogen is liquid up to 2.4 GPa. Thus, the PTM solidification is not enough to explain all observations.

Our observations can thus be understood by considering the following process: (1) the in-plane bulk modulus mismatch between the multilayer graphene and its substrate leads to the buckling of the graphene membrane as pressure increases, and (2) for some liquid PTM, its molecules diffuse into the channels created by this buckling, enlarging them and making such wrinkles directly observable by optical inspection. (3) This process stops when the PTM solidifies or when the 2D flake is fully detached from its substrate. The fact that the PTM is liquid is however not sufficient to observe (2), as for liquid PTM like paraffin oil and nitrogen, the phenomenon was not observed. Therefore, the alcohol-graphene interaction at high pressure appears to show a singular behavior with respect to the other tested PTM. We however emphasize here that wrinkles do occur in each case, even in nitrogen and paraffin oil PTM. However, it is only due to the described insertion of PTM molecules under the graphene flake and the consecutive enlargement of the wrinkles (e.g. alcohol mediums), that we are able to see them through optical microscopy. Indeed, narrow initial wrinkles were visible on AFM topographic images of the flakes on PDMS, but were not resolved by optical microscopy after sample transferring onto SiO 2 /Si (see Fig. S5 in SI).

With this process, one can understand that the sample thickness plays a minor role in our observations: the interaction between the adsorbed PTM molecules inside the wrinkles channels (under the sample) is a surface effect, which is not significantly affected by the sample's thickness. Despite the increasing wrinkle width related to the increasing bending rigidity due to the number of layers [START_REF] Han | Ultrasoft slip-mediated bending in few-layer graphene[END_REF] (Fig. 3 Because the adsorption occurs on the outer external graphite layers, the number of layers would not significantly influence the adsorption energy on the surface layer, which is responsible for the sample delamination.

The chemical dependence of our observations can be explained by the fact that the methanolgraphene interaction is stronger than the methanolmethanol intermolecular interaction itself. This particularity leads to the preferential formation of a full adsorbed methanol layer before the stacking of supplemental adsorbed methanol layers on the graphite surface [START_REF] Schröder | Methanol adsorption on graphene[END_REF][START_REF] Bolina | Reflection absorption infrared spectroscopy and temperature programmed desorption investigations of the interaction of methanol with a graphite surface[END_REF]. This strong interaction may explain why the infiltration of methanol inside wrinkles under the flake leads to the expansion of the channels and the flake's complete detachment, while it is not the case with liquid nitrogen and paraffin oil.

In order to test our hypothesis, we have per-formed a complementary high pressure experiment in which the multilayer flake was directly transferred onto the diamond anvil rather than on an intermediate substrate, using pure methanol as PTM.

The sample thickness was 16 ± 3 nm (48 ± 9 layers). The linear bulk modulus of the diamond substrate, ∼ 1330 GPa, is very close to the in-plane bulk modulus of graphite [START_REF] Bousige | Biaxial strain transfer in supported graphene[END_REF], and therefore only a very weak wrinkling is expected. As one can see in Fig. 2(g), the detachment is observed mostly at the flake edges and at an even higher pressure (starting from 5.2 GPa). This observation is in clear agreement with our explanation of the wrinkling and detachment mechanism mediated by the insertion of the alcohol PTM beneath the flake.

To gain a deeper understanding on the physical processes involved in pressure-induced wrinkle formation and the observed unbinding, let us now consider a physical quantitative analysis. Wrinkles form to relieve stretching energy caused by the contraction of the substrate via a well-known scenario [START_REF] Zhang | Adhesion and friction control localized folding in supported graphene[END_REF]. When stretching energy is relieved, the equilibrium shape of one wrinkle mainly results from a compromise between adhesion energy and bending energy. In addition, the network of wrinkles is connected and always reaches the edges of the flakes. Hence, we assume that the liquid PTM can freely flow below the graphene into the wrinkles, so that there is no volume constraint under them. Furthermore, since the observed wrinkle height is much smaller than their width, we use the small slope approximation. The wrinkle profile h(x) as a function of the coordinate x orthogonal to its direction is then obtained by a straightforward minimization of the adhesion and bending energies, such as [START_REF] Audoly | Stability of straight delamination blisters[END_REF][START_REF] Vella | The macroscopic delamination of thin films from elastic substrates[END_REF] 

h(x) = H 2 1 + cos 2π x L , (1) 
where L and H are the width and height of the wrinkle, respectively (see Fig. 1(d)). Energy minimization also imposes a relation between H and L

[61]:

γ D n = 2π 4 H 2 L 4 , (2) 
where γ is the adhesion energy per unit area and D n is the bending rigidity of n-layer graphene. We do not expect γ to depend on the number of layers as it corresponds to the interaction of the layer immediately in contact with the substrate.

In Fig. 4(a), a plot of γ/D n as a function of pressure is obtained from Eq. (2) using our measurements of L and H on the same wrinkle (Fig. 3(bc)). Results are obtained for samples corresponding to 30, 50 and 110 graphene layers. They show a striking decrease of the ratio γ/D n by a factor of more than 10 when the pressure is increased up to ∼ 3 -4 GPa. This could originate from a decreasing γ, an increasing D n or a combination of both effects.

An increase of D n under pressure could be induced by a decrease of the sliding between the individual graphene sheets [START_REF] Wang | Bending of multilayer van der waals materials[END_REF] within the multi-layer graphene. This scenario is supported by the observation of the stacking faults formation in multilayer graphene in strained nanocomposites [START_REF] Gong | Reversible loss of bernal stacking during the deformation of few-layer graphene in nanocomposites[END_REF],

which could participate to the inter-monolayer sliding. Such movement could be decreased under pressure due to the work required to separate the graphene layers during sliding in the presence of an atomic corrugation between the sheets. Since the energy of stacking faults per unit area in Bernal stacking [START_REF] Gong | Reversible loss of bernal stacking during the deformation of few-layer graphene in nanocomposites[END_REF] (∼ 0.2 meV/atom ∼ 10 -1 J.m -2 ) is similar to the energy per area to separate two graphene sheets by 1 Å under a pressure of 1 GPa, the formation of dislocations can be strongly influ-enced by the pressure.

The adhesion energy of monolayer graphene with a silicon oxide substrate in vacuum is about [START_REF] Koenig | Ultrastrong adhesion of graphene membranes[END_REF] γ 0.45 J.m -2 . For multi-layer graphene in vacuum, this adhesion energy is lower [START_REF] Koenig | Ultrastrong adhesion of graphene membranes[END_REF], γ 0.3 J.m -2 , due to partial unbinding [START_REF] Nicolle | Pressure-mediated doping in graphene[END_REF]. Immersed in a liquid media, the adhesion energy of multi-layer graphene on a silicon oxide substrate is expected to be even smaller by about 40% [START_REF] Kang | Liquid-assisted adhesion control of graphene-copper interface for damage-free mechanical transfer[END_REF], and a reasonable value for ethanol medium at zero pressure is therefore γ 0.2 J.m -2 . Using Eq. ( 2), D n is plotted in The other scenario is that of a decrease of the adhesion energy γ. This second scenario is strongly supported by the fact that the increase of the wrinkle width finally leads to complete unbinding of graphene with no subsequent reattachment of the multi-layer graphene to the substrate. We may here consider in that case that the evolution of γ with pressure represents the effective macroscopic adhesion energy, which may integrate the formation under pressure of non-visible wrinkles at the submicrometric scale.

In this second scenario, we may assume that the bending rigidity D n is constant over the pressure range for a given sample thickness. Using the layer- However, even without a decrease of the adhesion energy, the absence of re-adhesion could be interpreted as due to the presence of the liquid medium PTM between the substrate and the graphene interface making the re-adhesion difficult. Indeed, the adhesion forces have to overcome the lubrication forces due to the evacuation of the viscous liquid PTM between the flake and the substrate to re-adhere. We may note here that a scenario corresponding to a combined evolution of D n and γ can be equally advanced.

Our observations may then be extended to more compressible substrates, as polymers which are frequently used in graphene studies. Combination of mechanical and wetting methods could then ap-pear as possible new paths for van der Waals 2D systems detachment and transfer to other substrates [START_REF] Fechine | Direct dry transfer of chemical vapor deposition graphene to polymeric substrates[END_REF]. Our results may also contribute to better understand the response of graphene based coatings in different environments submitted to mechanical constraints as in their use in tribological contacts [START_REF] Zhai | Carbon nanomaterials in tribology[END_REF][START_REF] Pape | Investigations on graphene platelets as dry lubricant and as grease additive for sliding contacts and rolling bearing application[END_REF][START_REF] Goff | Shear dynamics of confined membranes[END_REF].

Conclusions

We have experimentally shown that thin graphite stacks with thickness varying between 9 and 110 layers can be detached from a silicon oxide substrate through pressure application. The used PTM plays an important role and, in particular, full delamination was only reached if the PTM could be maintained in its liquid state up to ∼ 4 GPa. Under these conditions, the thin graphite layer detaches progressively through the formation of a field of wrinkles whose total surface area progresses with pressure according to a universal sigmoidal curve, independently of the thickness of the sample. In the case of PTM pressure-induced solidification, the detachment from the substrate is stopped. We also found that methanol, ethanol or their mixtures favor the pressure-induced wrinkle formation in SiO 2 /Si substrates. The height of the wrinkles increases linearly with pressure and, within experimental precision, its evolution is also independent from sample thickness. The width of the wrinkle was also observed to increase with pressure, exhibiting higher values for thicker samples. Consequently, the surface density of the measured wrinkles at a given pressure is bigger for the thinner samples.

Our observations lead to a significant pressure de-crease of the ratio between the effective adhesion energy and the sample bending modulus, γ/D n by a factor of ∼5-20 per GPa. Both scenarios of an increase of D n and of the decrease of γ appear to be quantitatively consistent. Finally, we have shown that the wrinkle area is a function of pressure, and that the wrinkle geometry at that pressure depends on the number of graphene layers. This offers opportunities to control the wrinkle average radius of curvature and its extension, which may impact optical [START_REF] Sedelnikova | Curvature-induced optical transitions in graphene[END_REF] or chemical properties [START_REF] Sabalot-Cuzzubbo | Relating the molecular topology and local geometry: Haddon's pyramidalization angle and the gaussian curvature[END_REF] to a great extent.
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 21 Figure 1: Schematics of the experiment. -(a) Sketch of the diamond anvil cell (DAC) pressure apparatus used to compress the sample. The two blue arrows represent the applied force to the diamond anvils which reduce the volume delimited by the hole at the center of the metallic gasket placed between the diamonds. The gasket is shown opened to illustrate the sample chamber. Optical access through the diamond anvils allow one to image and perform Raman spectroscopy or luminescence measurements. -(b) Drawing of the sample chamber in which the substrate supporting the multilayered graphene sample is immersed in a PTM fluid. A ruby chip is placed beside the substrate for the in situ measurement of the pressure through its luminescence. -(c) Optical image of a real sample used in experiments in which the substrate and a multilayered graphene sample are visible. A ruby chip sphere can be seen at the top. -(d) The sample consisting on n-layers of graphene lies on a substrate (upper image) made of silicon and a silicon oxide layer. Upon pressure application (lower image), the substrate's volume decreases, thus leading to the creation of wrinkles in the graphene layers. While liquid, the PTM is able to flow under these wrinkles, which are characterized by their height H and width L (d), as discussed in the modeling section.

  ing in the DAC was performed by immersion of the cell in liquid N 2 at 77 K. All the other PTM used are liquid at ambient temperature and were loaded by drop deposition in the pressure chamber. In situ Raman measurements were performed by using a homemade back-scattering setup based on a Princeton Instruments ACTON 2500i spectrom-eter. The excitation wavelength was 532 nm. A 1800 grooves/mm diffraction grating with 500 nm blaze wavelength was used to disperse the scattered light. The microscope objective used for both Raman measurements and optical inspection is a long working distance objective (Mitutoyo Japan) with 50× magnification and 0.42 numerical aperture (in some experiments, a 100× objective with NA = 0.7 was also used). All pictures and videos were recorded using a Thorlabs DCC1645C CMOS camera installed on the Raman setup.

  Fig. 2(a) corresponds to optical micrographs obtained for different pressures in a multilayer graphene sample having a measured thickness of ∼ 17 nm, corresponding to approximately 51 graphene layers [34]. Fig. S1(a) of supporting information (SI) shows the AFM scan for this precise sample as well as the height profile across its edge. The 4:1 methanol:ethanol mixture was used as PTM for reference, since it has the remarkable property to remain liquid up to ∼ 10 GPa [35-37]thus ensuring pure hydrostatic compression inside the DAC up to this pressure.
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 2 Figure 2: Optical micrograph of supported multilayer graphene samples under high pressure. Each column shows images for an experiment done with different PTMs indicated at the top of the column. All experiments were done on SiO 2 /Si substrates (light blue square) except in the last column corresponding to a diamond substrate. The measured number of layers of the multilayer graphene samples are from left to right: 51 ± 4, 30, 30, 30, 24, 21, 48 ± 9. The development of wrinkles with applied pressure is clearly seen in the first 3 columns. Red arrows point to the totally detached multilayer graphene observed in two experiments. White scale bars correspond to 20 µm on every micrograph.

  Since wrinkling and full delamination are observed solely in 4:1 methanol:ethanol, we performed a sequential comparative in situ Raman measurements of the Raman G-band from a supported multilayer graphene sample. We used nitrogen PTM in a first pressure cycle and then, in a second one on that same sample, it was used 4:1 methanol-ethanol PTM. The goal of these measurements was to determine whether the mechanical strain at the atomic bond scale could be different in these two cases, since, as already discussed, the optical contrast observations strongly differ. The G-band evolution as a function of pressure in both cases can be seen in the Fig.S1(b) in SI. Results for both PTMs are very close to the bulk graphite response. This
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 3 Figure 3: Wrinkles geometry evolution with pressure. (a) Pressure evolution of the proportion of the detached surface of the samples for all experiments performed (see legend). The light blue curve is a sigmoidal fit of the data obtained for pure methanol PTM, intended as a guide to the eye. Vertical yellow, red and green lines indicates the solidification pressures of water, ethanol and nitrogen, at respectively 1 GPa, 1.9 GPa and 2.4 GPa. Two extreme definition rules for the boundaries of the detached surface were used to define the error bars (see Fig. S3 in SI). (b) Average wrinkle width L as a function of pressure for samples with various thicknesses in methanol PTM. Dotted lines are guides to the eye, and error bars correspond to the standard deviation of the measured wrinkle widths. (c) Measured wrinkle height H as a function of pressure corresponding to the points in (b) except one of the points which was not possible to measure (same symbol code as in (b)). The H values were evaluated from the interference fringes of visible light coming from the microscope (full details are found in SI). The inset shows the optical interference pattern of a wrinkle in a region of a 110L-graphene used to determine the height. The dotted line is a linear fit of the data.

  (b)), a complete detachment is always visible at approximately 4 GPa (see Fig. S4 in SI).

Figure 4 :

 4 Figure 4: Pressure evolution of the physical parameters involved in wrinkle formation for samples with a number of graphene layers, n, equal to 30 (green), 50 (orange) and 110 (red). (a) γ/Dn ratio as a function of the pressure P as obtained from eq. (2). -(b) Pressure evolution of the bending rigidity Dn when assuming a constant adhesion energy γ = 0.2 J.m -2 . The empty symbols correspond to the expected zero-pressure D 0 n values [58]. -(c) Pressure evolution of γ assuming an additive layer-dependent D 0 n [58]. Dashed lines are guides to the eye. Error bars were omitted due to the logarithmic scale.

Fig. 4 ( 30 0. 5 • 50 2 • 10 - 14

 4305501014 Fig. 4(b) by assuming this latter value for γ, and by considering it to be independent of pressure and the number of graphene layers. This figure reports the resulting increase of the bending rigidity D n with pressure and with the number of layers. The plotted values are to be compared with the expected values of the bending rigidity at zero pressure, D 0 n , which were extracted from AFM measurements on graphene bubbles of varying thickness as[58] D 0 30

  dependent zero-pressure values D 0 30 , D 0 50 and D 0 110 defined before in Eq. (2), we plot in Fig. 4(c) the pressure evolution of the adhesion energy γ(P ), for the three measured sample thicknesses. This figure shows that the γ(P ) evolution trend is independent of the sample thickness, and the extrapolated value at vanishing pressures is consistent with the expected γ 0.2 J.m -2 . Furthermore, the absence of re-attachment suggests that the effective adhesion energy has vanished or has become very small.
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