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ABSTRACT 

Effective interatomic potentials are frequently utilized for large-scale simulations of materials. In this work, we 
generate an effective interatomic potential, with Niobium as an example, using the force-matching method derived 
from a material database which is created by the first-principle molecular dynamics. It is found that the potentials 
constructed in the present work are more transferable than other existing potential models. We further discuss how 
the first-principles material database should be organized for generation of additional potential. 

Keywords: Interatomic potentials, Force-matching method, First-principles calculations, Material database, 
Molecular dynamics 

1 INTRODUCTION 

Molecular dynamics (MD) simulation is a useful tool for researching material properties, and various materials from 
metals to insulators have been studied by such simulations. The framework of effective potentials for metals was 
constructed on the basis of an embedded atom method (EAM) (Daw, 1984). Analytical EAM potentials have been 
generated for FCC metals. On the other hand, specialized potential types for semiconductors have been developed in 
order to reproduce their covalent bonds (Stillinger, 1985; Tersoff, 1986). In wake of this, the modified version of the 
EAM (MEAM) was derived to describe the covalent bonding of silicon and germanium (Baskes, 1987, 1989). 
Moreover, the MEAM framework was applied to the BCC and HCP metals to reproduce realistic material properties 
(Baskes, 1992). For BCC metals, the Finnis-Sinclair model based on the tight-binding theory was much better than 
the EAM model (Finnis, 1984). Although effective interatomic potentials have been frequently utilized in limited 
situations, they need to be enhanced to simulate material properties under a much wider variety of conditions. 
 
First-principles simulation based on the density functional theory (DFT) has been successful for calculating 
chemical and physical properties of solid materials, molecular systems, and liquids. First-principles MD simulations 
have been applied to discover dynamic properties of materials without any empirical parameters. In order to estimate 
equilibrium properties at finite temperatures from a MD simulation, a long simulation time with many atoms is 
required. Because of the lack of computer power, the simulation time of the first-principles MD, however, is 
presently restricted to the order of at least a pico-second, and the number of atoms in the simulation cell is limited to 
several hundred. To overcome this limitation, Ercolessi and Adams proposed a method to create effective 
interatomic potential applying information from first-principles MD by a force matching method (Ercolessi, 1994). 
The force matching method has been applied to metallic (Ercolessi, 1994; Li, 2003; Grochola 2005), covalent 
(Lenosky, 2000), and ionic systems (Umeno, 2002; Aguado, 2003). 
 
In this paper, we report MD simulation results obtained using interatomic potentials constructed by the force-
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matching method on the basis of the first-principles forces and physical properties. We also discuss a first-principles 
material database for potential generation. Calculations on Niobium are presented as an example system. 
 
 
2 METHODOLOGY 
 
2.1 The force matching method 
 
Newtonian motion of an atomic system evolves by forces acting on atoms. Because the forces directly affect the 
dynamics of the atomic system, accurate forces are needed to simulate dynamics in a material. The Hellmann-
Feynman forces calculated by the DFT method yield better results than those forces calculated by empirical methods. 
Because DFT calculations have a higher computational cost than the empirical ones, effective interatomic potentials 
reproducing the DFT forces are desired, which can be obtained by the force matching method. 
 
We briefly describe the force-matching method (Ercolessi, 1994) for potentials of the EAM type as a typical 
example whose total energy is given by 
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where φ is the two-body interatomic potential, ijr is the interatomic distance between atoms i and j, U is the 

embedded function, and f is the electron density (Daw, 1984). The effective interatomic forces are given by 
partially differentiating the total energy with respect to atomic coordinates. A first-principles MD simulation gives 
the forces acting on atoms in various atomic configurations. The mean square error between the EAM and first-
principles force is 
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where 0
ikF is the first-principles force of the atom i at the configuration k, and ( )αikF  is the EAM force at the 

atomic position in the first-principles MD trajectory. M is the number of configurations, and Nk is the number of 
atoms in the configuration k. α is the set of parameters that define the EAM-potential functionsφ , U , and f . We 
do not use the analytic functions frequently used in empirical fittings but alternatively use spline functions. The 
flexibility of spline functions makes it feasible to realize transferability of the potential. The force fitting is done by 
minimizing the objective function ( )αfZ . We also use the additive objective function 
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to fit the chemical and physical properties given by the EAM potential ( )αlA  to ones resulting from first-principles 

calculations 0
lA . P is the number of the properties, and lW  is the weight factor for the square error of the property l. 

Moreover, we add the penalty function ( )αcZ to reduce corrugations of the spline functions. Finally, the potential 
fitting is done by minimizing the total objective function 
 

( ) ( ) ( ) ( )αααα cpf ZZZZ ++= . 
 
2.2  Computational details 
 
We use the first-principles method based on density functional theory (Kohn, 1965) and the plane-wave 
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pseudopotential technique (Payne, 1992) to obtain physical properties of materials. Niobium is taken as an example. 
We employ the generalized gradient approximation (GGA) for the exchange-correlation functional (Perdew, 1996) 
and an ultra-soft pseudopotential for the Niobium ion (Vanderbilt, 1990). The ground state of Niobium is a BCC 
structure, and hypothetical FCC structures are taken into account. For BCC (FCC) bulk Niobium, we use an energy 
cutoff of 30 Ry and a 10x10x10 (8x8x8) Monkhorst-Pack grid for k-space integrations. For other structures, we use 
the same energy cutoff and k-point samplings, which give almost equivalent accuracies to the bulk calculation. A 
database of chemical and physical properties of Niobium is created by first-principles calculations, and a database of 
Hellmann-Feynman forces acting on atoms at various configurations of solid and liquid states is generated by first-
principles MD simulations. In each MD simulation, the volume is kept constant, and the Nosé-Hoover thermostat 
(Nosé, 1984; Hoover, 1985) keeps the temperature constant. 
 
In the force-matching procedure, we use the forces obtained by the first-principles MD and material properties 
obtained by experiments and calculations. We perform the MD simulations for several Niobium structures, solid and 
liquid as listed in Table 1. The calculated material properties are lattice constants, bulk moduli, elastic constants, 
vacancy formation energy, the FCC-BCC energy difference, and pressures. The experimental and theoretical values 
are listed in Table 2, and the theoretical pressures of BCC solid Niobium calculated at the scaled lattice constants are 
shown in Table 3. We use the experimental value for the lattice constant of BCC solid and the theoretical value of 
FCC solid that is scaled with the ratio of experimental and theoretical values of BCC structure. The atomic 
configurations of the MD trajectories are also scaled in length. 
 
Table 1. Niobium structures for the first-principles MD simulation, and the number of configurations used in the 
force-matching procedure for each structure 
Structure Temperature (K) Number of atoms Number of 

configurations 
BCC solid 2000 16 20 

BCC solid with a vacancy 2000 15 20 

Liquid 3000 44 35 

 
Table 2. Experimental and theoretical material properties; Lattice constants are given in nm, bulk moduli and elastic 
constants are in GPa, and energies are in eV 
Property Experiment Theory 
Lattice constant of BCC solid  0.3295 0.3320 
Lattice constant of FCC solid  0.4228 
Bulk modulus of BCC solid 170 176 
Bulk modulus of FCC solid  371 
Elastic constant C11-C12 114 137 
Elastic constant C44 28.4 29.6 
Vacancy formation energy 2.75 2.86  (unrelaxed) 
FCC-BCC energy difference  -0.3597 
 
Table 3. Theoretical pressures of BCC solid Niobium. Lattice constants are given in nm, and pressures are in GPa. 
Lattice constant  Pressure 

0.275 304.464 
0.300 86.645 
0.325 7.802 
0.350 -23.072 
0.375 -36.004 
0.400 -41.745 

 
We employ a symplectic integrator for the classical MD simulation with the Nosé-Poincaré thermostat and the 
Andersen barostat (Aoki, 2008). The cubic simulation cell has 250 Niobium atoms. The external pressure is set to 
zero bar. The temperatures are set to a series of values up to 3300 K. 
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3  RESULTS AND DISCUSSIONS 
 
3.1  Effective interatomic potentials 
 
Results for two different EAM potentials of Niobium obtained by the force-matching method are shown in Figures 1 
(a), (b), and (c). One, denoted as FM-A, was generated based on the MD trajectories of liquid only, while another 
one, denoted as FM-B, was created by the full trajectories of our database. The minimum of the pair-wise potential 
is located at 0.33 nm. The embedded function in Figure 1 (c) has a minimum at unity of the electron density. The 
electron density functions, shown in Figure 1 (b), deviate at small interatomic distance. The FM-B potential results 
in a larger electron density than the FM-A potential at interatomic distances lower than 0.28 nm because the first-
principles MD simulation of a solid state generates force data at a smaller interatomic distance than that of liquid 
state. The difference comes from whether the potential used the force data of the solid states in addition to the force 
data of the liquid state.  

 
Figure 1. (a)The pair-wise potential functions, (b) the electron density functions, and (c) the embedded functions of 
the force-matching EAM potentials (EAM FM-A and -B) for Niobium 
 
3.2  Molecular dynamics simulations 
 
We performed classical MD simulations with a symplictic integrator (Aoki, 2008) for Niobium using the force-
matching EAM potentials. Figure 2 shows that the calculated thermal lattice expansion from the EAM FM-B model 
agrees very well with experimental results over the whole range of temperatures. The melting point is about 3000 K, 
which is in rough agreement with the experimental value of 2750 K. It should be noted that the EAM FM-A model 
cannot reproduce the experimental result because of the lack of the information of the solid state. The lattice 
constants of both models extracted at 0 K agree well with the experimental value of 0.3295 nm. The lattice constant 
of the EAM FM-A model has a minimum at 200 K. It is considered that the low electron density at short interatomic 
distances results in a low many-body repulsive force. Because of the lower electron density as compared to the FM-
B model as discussed in the previous section, the lattice contraction below 200 K for the FM-A model would be 
caused by the lack of repulsive force. Notably, the thermal expansion coefficients above 500 K by the EAM FM-A 
and FM–B models are better than by the extended Finnis-Sinclair potential (Dai, 2006).  
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Figure 2. Thermal expansions of Niobium obtained by the EAM FM-A and -B potentials (long- and short-dashed 
lines, respectively) and the extended Finnis-Sinclair potential (dotted line). The experimental curve is also indicated 
in the solid line. 
 
3.3  The first-principles material database 
 
In the force-matching procedure, highly reliable materials databases containing structural properties data and force 
data are very important. In our calculation, we used the experimental lattice constant of the BCC ground state 
structure and the scaled theoretical lattice constant of the hypothesis FCC structure, without using either the 
theoretical or experimental cohesive energies. Because normally, calculated lattice constants and cohesive energies 
are not exactly equivalent to the experimental ones, theoretical values from different methods, using values from 
more advanced theoretical scheme is recommended. Our database can be further improved with theoretical lattice 
constants and cohesive energies that are calculated by first-principles methods that treat electron correlations more 
accurately, such as quantum Monte Carlo methods. 
 
The force database was constructed from the first-principles MD simulations. However, the DFT forces within the 
GGA approximation do not exactly reproduce the experimental dynamical properties. Therefore, we scaled the 
atomic configurations into lengths that fit the experimental lattice constant. Scaling factors in length and energy can 
be determined by a trial and error manner that fits the radial distribution function using a trial potential based on the 
scaled-force database to the experimental value (Grochola, 2005). It would be preferable to have the scaling factors 
be determined by beyond-DFT methods because it is not easy to obtain good experimental data of pure materials in 
various cases. 
 
In metals with localized electrons such as Cerium, we also need force and property data that take into account the 
valence fluctuation effects. These effects can be treated by both extended DFT methods based on the hybrid 
exchange-correlation functional combined with the density functional and an orbital-dependent functional (Hay, 
2006; Da Silva; 2007) and with the effective coulomb interaction correction, namely the DFT+U method (Fabris, 
2005; Loschen 2008). 
 
In order to apply the force-matching method to various materials, the force database calculated by the first-principles 
method in high accuracy, by both DFT and beyond-DFT, is very important because it is almost impossible to obtain 
experimental force data. A general concept in our present scheme is shown in Figure 3. 
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Figure 3. Building up the first-principles (FP) database for materials design 
 
4  CONCLUSION 
 
We constructed an effective interatomic potential for Niobium by the force-matching method based on a first-
principles material database. We then simulated the thermal expansion of Niobium by classical MD using the force-
matching EAM potential. It was shown that our force-matching potential produced more reasonable simulation 
results than what is obtained by the extended Finnis-Sinclair potential. We further discussed the preferable 
construction of the database. The first principles force database in the future will become one of the most important 
fundamental data sources to improve calculation of effective interatomic potentials by the force-matching method. 
 
5   ACKNOWLEDGEMENTS 
 
This work was partly supported by Grant-in-Aid for Scientific Research on Priority Areas (19031019). 
 
6   REFERENCES 
 
Aguado, A., & Madden, P. A. (2003) Oxide potentials from ab initio molecular dynamics: An assessment of their 
transferability. J. Chem. Phys. 118(13), 5718-5728. 
 
Aoki, K. M. (2008) Symplectic integrators designed for simulating soft matter. J. Phys. Soc. Jpn. 77(4), 044003-1-
14. 
 
Baskes, M. I. (1987) Application of the Embedded-Atom Method to Covalent Materials: A Semiempirical Potential 
for Silicon. Phys. Rev. Lett. 59, 2666 -2669. 
 
Baskes, M. I. (1992) Modified embedded-atom potentials for cubic materials and impurities. Phys. Rev. B 46, 2727 -
2742. 
 
Baskes, M. I., Nelson, J. S., & Wright, A. F. (1989) Semiempirical modified embedded-atom potentials for silicon 
and germanium. Phys. Rev. B 40, 6085-6100. 
 
Da Silva, J. L. F., Ganduglia-Pirovano, M. V., Sauer, J., Bayer, V., & Kresse, G. (2007) Hybrid functionals 
applied to rare-earth oxides: The example of ceria. Phys. Rev. B 75, 045121-1-10. 
 
Dai, X. D., Kong, Y., Li, J. H., & Liu, B. X. (2006) Extended Finnis–Sinclair potential for bcc and fcc.  J. Phys.: 
Condens. Matter. 18, 4527–4542. 

 
Daw, M. S., & Baskes, M. I. (1984) Embedded-atom method: Derivation and application to impurities, surfaces, and 
other defects in metals. Phys. Rev. B 29(12), 6443- 6453. 
 

Data Science Journal, Volume 8, 20 May 2009

67



Ercolessi, F., & Adams, J. B. (1994) Interatomic Potentials from First-Principles Calculations: the Force-Matching 
Method. Europhys. Lett. 26 (8), 583-588. 
 
Fabris, S., de Gironcoli, S., Baroni, S., Vicario, G., & Balducci, G. (2005) Taming multiple valency with 
density functionals:   A case study of defective ceria. Phys. Rev. B 71, 041102(R)-1-4. 
 
Finnis, M.W., & Sinclair, J.E. (1984) A simple empirical N-body potential for transition metals. Philos. Mag. A 50, 
45-55. 
 
Grochola, G., Russo, S. P., & Snook, I. K. (2005) On fitting a gold embedded atom method potential using the force 
matching method. J. Chem. Phys. 123, 204719-1-7. 

 
Hay, P. J., Martin, R. L., Uddin, J., & Scuseria, G. E. (2006) Theoretical study of CeO2 and Ce2O3 using a screened 
hybrid density functional. J. Chem. Phys. 125, 034712-1-8. 
 
Hoover, W. G. (1985) Canonical dynamics: Equilibrium phase-space distributions. Phys. Rev. A 31, 1695. 
 
Hu, W., Shu, X., Zhang, B. (2002) Point-defect properties in body-centered cubic transition metals with analytic 
EAM interatomic potentials. Comput. Mater. Sci. 23, 175–189. 
 
Nosé, S. (1984) A unified formulation of the constant temperature molecular-dynamics methods. J. Chem. Phys. 81, 
511. 
 
Kohn, W., & Sham, L. (1965). Self-Consistent Equations Including Exchange and Correlation Effects. Phys. Rev. 
140(4A), A1133-A1138. 
 
Lenosky, T. J., Sadigh, B., Alonso, E., Bulatov, V. V., de la Rubia, T. D., & Kim, J., et al. (2000) Highly optimized 
empirical potential model of silicon metals and alloys. Modelling Simul. Mater. Sci. Eng. 8, 825–841. 

 
Li, Y., Siegel, D. J., Adams, J. B., & Liu, X.-Y. (2003) Embedded-atom-method tantalum potential developed by the 
force-matching method. Phys. Rev. B 67(12), 125101-1-8. 
 
Loschen, C., Migani, A., Bromley, S. T., Illas, F., & Neyman, K. M. (2008) Density functional studies of model 
cerium oxide nanoparticles. Phys. Chem. Chem. Phys. 10, 5730 -5738. 
 
Payne, M. C., Teter, M. P., Allan, D. C., Arias T. A., & Joannopoulos, J. D. (1992) Iterative minimization 
techniques for ab initio total-energy calculations: molecular dynamics and conjugate gradients. Rev. Mod. Phys. 
64(4), 1045-1097. 
 
Perdew, J. P., J. P., Burke, K., & Ernzerhof, M. (1996) Generalized Gradient Approximation Made Simple. Phys. 
Rev.Lett. 77(18), 3865-3868. 
 
Stillinger, F. H., & Weber, T. A. (1985) Computer simulation of local order in condensed phases of silicon. Phys. 
Rev. B 31, 5262 -5271. 
 
Tersoff, J. (1986) New empirical model for the structural properties of silicon. Phys. Rev. Lett. 56, 632 - 635. 
 
Umeno, Y., Kitamura, T., Date, K., Hayashi, M., & Iwasaki, T. (2002) Optimization of interatomic potential for 
Si/SiO2 system based on force matching. Comput. Mater. Sci. 25, 447–456. 
 
Vanderbilt, D. (1990) Soft self-consistent pseudopotentials in a generalized eigenvalue formalism. Phys. Rev. B 
41(11), 7892-7895. 
 
Wang, K, & Reeber, R. R. (1998) The role of defects on thermophysical properties: thermal expansion of V, Nb, Ta, 
Mo and W. Mater. Sci. and Eng. R23, 101-137 

Data Science Journal, Volume 8, 20 May 2009

68



 
(Article history: Received 30 October 2008, Accepted 25 Febraly 2009, Available online 24 April 2009) 

Data Science Journal, Volume 8, 20 May 2009

69


