Study of phonon heat transfer in metallic solids from molecular dynamics simulations
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To describe the thermal behaviour of nanostructured materials and nanoelectronic devices, new properties and models have to be determined at the atomic scale. Recent experimental techniques such as near field microscopy1-2 allow to investigate heat transfer at small scales, but, the spatial résolution is still greater than 50 to 100 nm. This remains too large when the typical length of interest is a few nm. Moreover, at this scale, the sensor may have a significant influence on the temperature or the property to be measured. Numerical simulation is then the solution to study the matter at the atomic scale and to predict the thermophysical properties of solids.

Molecular dynamics allows to simulate the material behaviour at the atomic scale3-4. It requires the knowledge of potentials that describe the interaction between atoms. As Si and Ge are semi conductors widely used for electronic components, accurate potential were determined for these materials5. Recently, heat transfer in nanostrutures made of Si or Ge has been studied and heat conductivity has been calculated6-7.

Metallic solids are also widely studied using molecular dynamics. Due to their cristallographic structure, potentials8-9 are quite different than those used for semi conductors and leads to a more efficient implementation of the molecular dynamics. In metallic solids, the main contribution to heat transfer is due to electrons. For very pure metals, theoretical models to calculate thermal conductivity do not even take into account phonon heat transfer10. However, the contribution of the phonon heat conductivity can become non negligible for poorly conducting metals and alloys. For all metals, the phonon heat conductivity contribution should increase with the temperature.

The Wiedemann-Franz11 states that for metals at not too low temperatures, the ratio of electronic thermal conductivity, 
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, the Lorenz number which does not depend on the nature of the metal. So, if the total thermal conductivity and the electrical conductivity are known, it should be possible to calculate the electronic thermal conductivity and then the phonon thermal conductivity. It was done for Aluminum, using values of reference from thermophysical properties tables10 : a negative value was found for the phonon thermal conductivity .This shows a lack of accuracy of the data or the unreliability of the model. So, molecular dynamics is used to study phonon heat transfer in metallic solids.

The field of heat transfer at atomic scale includes temperature, energy, heat flux and thermal conductivity calculation. The definition and calculation methods are reviewed. The method proposed by Kotake and Wakuri12 based on Non Equilibrium Molecular Dynamics, has been adapted to decrease the computational time and simplify its implementation. It leads to the calculation of heat flux between two blocs at different imposed temperatures separated by an intermediate bloc (Figure 1) in which the temperature profile can also be determined. The spatial periodic boundary conditions are used in the z direction so that heat flux and temperature gradient are calculated in two independant blocs simultaneously. 

Aluminum is an fcc metal with a lattice parameter a0 equal to 0.4032 nm. The system geometry is shown on figure 1. The orientation of the cristal is [100], [010] and [001] and the dimensions are nxa0, nya0 and nza0 in the x, y and z directions respectively. This cristal is placed in a periodic box which dimensions in the x, y and z directions are equal to nxa0, nya0 and nza0 to simulate an infinit solid in the x and y directions. Temperature gradient and heat flux are calculated for different thickness of the intermediate blocs. There are two possibles approaches to explain the temperature gradient :

· in the first one, an attempt is made to calculate the thermal conductivity, using the linear part of the gradient. The non linear parts are considered as transition regions due to the interface thermal resistance between the thermostats and the intermediate blocs. It is shown that, in our case, the thermal conductivity and thermal resistance vary with the thickness of the intermediate blocs.

· in the second one, it is shown that the adimensionnal temperature gradient exhibit the same kind of profil than the one given by radiative heat transfer. This means that phonon transport is mainly ballistic. Using a code solving the radiative transfer equation in a semi-transparent media, based on the discrete ordinate method13, the equivalent radiative properties are determined.
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Figure 1 : Geometry of the system. The atoms are placed in a box which is repeated boundary conditions are used in the three directions.

REFERENCES

1. BHUSHAN (B.), Micro/nanotribology using atomic force microscopy/Friction force microscopy : state of the art, Proc Instn Mech Engrs, 212 Part J, p.1-18, 1998.

2. WILLIAM (C.C.) and WICKRAMASINGHE (K), Scanning thermal profiler, Appl. Phys. Lett. 49-23, p.1587-1589, 1986.

3. ALLEN (M.P.), TILDESLEY (D.J.), Computer Simulation of Liquid, New York : Oxford University Press Inc., 385 p., 1987.

4. FRENKEL (D.), BEREND (S.), Understanding Molecular Simulation, San Diego : Academic Press, 443 p., 1996.

5. COOK (S. T.) and CLANCY (P.), Comparison of semi empirical potential functions for Silicon and Germanium, Physical Review B, 47, p. 7686-7699, 1993.

6. VOLZ (S.)., SAULNIER (J. B.), CHEN (G.) and BEAUCHAMP (P.), Computation of thermal conductivityof Si/Ge superlattices by molecular dynamics techniques, Microelectronics Journal, 31 (9-10), p. 815, 2000.

7. VOLZ (S.), and CHEN (G.), Molecular dynamics simulation of thermal conductivity of silicon nanowires, Applied Physics Letters, 57, p. 2056, 2000.

8. OH (D.J.) and JOHNSON (R.A.), Simple embedded atom method model for fcc and hcp metals, J. Mater. Res., 3, N° 3, p. 471-478, 1988.

9. Ercolessi (F.) and Adams (J.B.), Interatomic Potentials from first principles calculations : the force matching method. Europhysics Letters, 26, N° 8, pp 583-588, 1994.

10. TOULOUKIAN Y.S., Thermophysical properties of matter, Vol. 1, Thermal conductivity of metallic materials and alloys, New York ; Plenum Press, 1970.

11. KITTEL C., Introduction to solid state physics, New York : Wiley, 673p., 1996.

12. KOTAKE (S.) and WAKURI (S.), Molecular dynamics study of heat conduction in solid materials, JSME Internationa Journal, Series B, 37, n°1, pp. 103-108, 1994.

13. CHANDRASEKHAR (S.), Radiative transfer, New York : Dover Publications, Inc., 393 p., 1960.

_1063174211.unknown

_1063174219.unknown

_1063174442.unknown

_1063174152.unknown

