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The interface between graphene and a metallic substrate is of great importance for the use of graphene in integrated electronics, as heat-insulating materials, and in electromechanical devices, including those for protecting their microscopic units from aggressive environmental factors. Most thin films are mechanically weaker comparing to corresponding bulk materials. Their substantial strengthening can be achieved through application of graphene – a monolayer material with outstanding mechanical strength.
The purpose of this work was to investigate the dynamical, mechanical, and transport properties of thin metal (
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 and 
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) films brought into contact with single-layer graphene, as well as to analyze the influence of these films on the thermal stability of graphene.

The initial packing of metal atoms was represented by a monolayer in the form of a loose (111) plane of the face-centered cubic (fcc) lattice (parallel to the graphene plane). The metal atoms were arranged directly against the centers of hexagonal cells formed by carbon atoms. The metal film was initially in a stretched state due to the lattice mismatch between graphene and metal. In addition to system I, where the metal film was located above the graphene sheet, we also considered system II with two identical symmetrically arranged metal films with respect to the grapheme sheet. Configuration of the system II with 
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 atoms in the initial (300 K) and final (3300 K) temperatures are shown in Fig. 1. The convergence of 
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 atoms on both sides of the graphene sheet is natural due to the fact that their initial loose packing is not consistent with the condensed state of the system under these conditions. A small portion of the lower 
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 atoms bends around the sheet of graphene climbing to the
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Fig. 1. System configuration of "two aluminum films on a graphene sheet" corresponding to temperatures: (a) – 300K, (b) – 3300K at time 200 ps, the coordinates are in angstroms.
top. One of such atoms joined the upper group of 
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 atoms. Fig. 1b represents the same amount of space as in Fig. 1a at 3300 K. It is apparent that there is not a single metal atom in the immediate vicinity of the graphene sheet. At this temperature there is a significant change in the structure of graphene sheet. The edges of the sheet break first. The central part of the sheet remains solid, but its hexagonal cell structure is not clearly shown. This structure indicates that the graphene sheet at T = 3300 K consisting of 406 atoms C is in the melting stage. Melting of small clusters of graphene takes place in some temperature region and begins before melting of the "infinite" size graphene [1].  The first nucleation of melting for graphene cluster C54 starts around 2300 K and modifies the edges [2]. The melting temperature of extended graphene was estimated to be about 4900 K [3].
The self-diffusion coefficient of the Ni films for both the horizontal (
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) and vertical (
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) directions varies very slightly to a temperature of 1800 K. This is associated with the conservation of the connectivity of atoms in the films, as well as with the densification of the structure at moderate temperature. However, the coefficients of mobility of the atoms in different directions significantly increase after the temperature of 1800 K (Fig. 2). It is worth noting that the most significant increase in the coefficient 
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 is observed for the Ni film covering the graphene sheet on one side. This is associated with the weak influence exerted by graphene on the 
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 atoms of the single-sided coating at high temperatures. The metal atoms, which interact through the graphene sheet, mutually inhibit their own horizontal displacements. The increase in the coefficient 
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 of the 
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 atoms for system I, on the average over the entire temperature interval, exceeds the corresponding characteristic for the upper and lower metallic films in system II by a factor of 5.7. A
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Fig.  2. Temperature dependences of the self-diffusion coefficient of nickel films on the graphene surface during the displacement of the Ni atoms in the (a) horizontal directions and (b) vertical direction for (1) Ni film on one side of the graphene sheet, (2) upper Ni film on the graphene sheet with the two-sided coverage, and (3) lower Ni film on the graphene sheet with the two-sided coverage.
more similar behavior is observed for the self-diffusion coefficient 
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 of the vertical directions for the 
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 films in the single-sided and two-sided coatings of the graphene sheet. At the highest temperature (3300 K), the displacements of atoms in the vertical direction are still more preferred in the case of the single-sided coating. In each case, graphene offers resistance to the movement of the 
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 atoms from only one side, and the metal atoms that interact through the graphene sheet weakly hold each other from the removal from the sheet in the vertical direction.
Fig. 3 reflects the temperature changes of stress in the 
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 film plane. The 
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film for the system I experiences the most extreme temperature fluctuations of stresses. As the temperature increases the stresses in the film reduce and eventually disappear completely. Extremely low stresses for the 
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 film of the system I are achieved at the temperature 2300 K, and the film itself can exist at 
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= 3300 K. 
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 films for the system II are stored on the graphene up to the temperature of 1300 K, and for 
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= 1800 K only their residues are observed. Therefore, nonzero stresses are observed in these films up to the temperature of 1800 K. The 
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 stress created by vertical forces in 
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 films significantly (ten or more times) exceeds 
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 and 
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 stresses created by horizontal forces due to greater convergence of 
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 and 
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 atoms. 
In the presence of a single metal film on graphene sheet the amplitude scale of the 
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 stress (Fig. 4a) is considerably smaller than that of the 
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 stress (Fig. 4b). Consequently, emerging interatomic forces acting in the direction of "chair" are
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Fig.  3. Thermal relaxation of the stresses (a) 
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, (b) 
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, and (c) 
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 in the plane of aluminum films: (1) 
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 film on one side of the graphene sheet, (2) upper 
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 film on the graphene sheet with the two-sided coverage, and (3) lower 
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 film on the graphene sheet with the two-sided coverage.
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Fig. 4. Stress distribution (a) – 
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, (b) – 
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, (c) –  
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 in the 
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 covered graphene sheets by rows of  C atoms extending along the "chair" direction at different temperatures: 1 – 300 K, 2 – 1300 K, 3 – 3300 K.
superior to forces oriented in the direction of "zigzag". The middle part of graphene sheet in "zigzag" direction has higher stresses than the edges. With increase in temperature, the amplitude of stress oscillation decreases, moreover the amplitude of the 
[image: image44.wmf]zy

s

 value changes more than similar characteristic of the 
[image: image45.wmf]zx

s

 stress. Stress 
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 acting in the plane of the graphene sheet due to vertical forces has a slightly different temperature behavior than that of 
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 and 
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 stresses created by horizontal forces (Fig. 4c), even at 3300 K the swing of the 
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 value fluctuations greatly exceeds the relevant characteristics 
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 and 
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 values ​​at this temperature. 
Metal atoms bound to the substrate and far removed from each other move closer when the temperature rises to a certain value. At unilateral coating of graphene sheet metal atoms remain on the surface at higher temperatures than at bilateral coating.
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