Condensed Matter Physics, 1999, Vol. 2, No. 1(17), p. 81–88

Bridge function for liquid Na

A.Baumketner, Ya.Chushak

Institute for Condensed Matter Physics of the National Academy of Sciences of Ukraine, 1 Svientsitskii Str., 290011 Lviv, Ukraine

Received December 26, 1997

Bridge function B(r) for liquid Na is calculated in the referense hypernetted chain approximation from the pair distribution function obtained by means of MD simulations. A comparison with the bridge function obtained in a Mori-Hoshino-Watabe scheme is made. The influence of the cut-off radius and the MD sample size on the structure factor is investigated.

Key words: static structure factor, bridge function, integral equation

PACS: 61.25.Mv, 65.50.+m, 61.20.Gy

1. Introduction

It has been proven in the recent years that the reference hypernetted chain approximation (RHNC) is the most successful approach among various liquid-state theories to the study of the structure and thermodynamics of liquids. It is based on the universality hypothesis of a bridge-functional [1] and has led to very satisfactory results for a large variety of liquid systems such as a one-component plasma [2] and Lennard-Jones liquids [3]. This technique was also applied in calculations of the structure factor of liquid alkali and polyvalent metals [4–7]. Recently, the RHNC theory has been generalized for the study of the partial structure factors of liquid binary alloys [8,9].

Following Rosenfeld and Ashcroft [10], the exact bridge function B(r) in the closure of the Ornstein-Zernike (OZ) relation is replaced by the bridge function of a suitably chosen reference system. Usually, a hard-sphere system in the Percus- Yevic approximation is used as such a reference system. The effective hard-sphere diameter, which is the only parameter characterizing the hard-sphere system, is determined either from a thermodynamic self-consistency criterion [10] or from the Lado criterion derived from the extremum condition of free energy [2].

Another way to construct the bridge function was proposed by Mori-Hoshino- Watabe (MHW) [9]. It consists in choosing a system interacting via the repulsive part of the interatomic potential as a reference system. The bridge function of such a system obtained in the Percus-Yevic (PY) approximation is assumed to be

© A.Baumketner, Ya.Chushak 81

nearly equal to the actual B(r). This scheme is useful for practical calculations, since it contains no adjustable parameters.

In the recent years an approach based on a combination of computer simulation and integral equation techniques has been developed and applied to the description of the equilibrium properties of liquid systems [11,12]. The pair distribution function (PDF) obtained in molecular dynamics simulation with a relatively small number of particles, is extended to large r by means of integral equations. It is then possible to extract an ‘exact’ bridge function and to compare it with various model results.

In the present paper, the structure factor of liquid Na is calculated by means of a combined use of the RHNC theory and MD simulations. This system may be considered in the nearly-free-electron approximation and, therefore, the pseudopotential perturbation theory can be applied. This fact has stimulated an appreciable amount of theoretical work on liquid Na with diverse forms of the interacting potential: the Ashcroft [13] and Hasegawa [14] empty-core pseudopotentials, the potential implemented by Price, Singwi and Tosi [15]. Some first-principle calculations have also been carried out for this system [17]. Recently, the static structure in good agreement with the experimental data has been obtained in the RHNC theory for liquid Na interacting via an effective pair potential derived by means of the neutral-pseudoatom method [16].

The aim of this paper is to study in detail the behaviour of the bridge function extracted from MD simulations for metallic systems like liquid Na. The obtained bridge function was compared with the MHW model. The next section gives a brief summary of the theory. In section 3 we discuss the most significant results of the calculations.

2. The basic theory

In the integral equation theory the pair correlation function g(r) can be obtained by solving the Ornstein-Zernike relation

h(r) = c(r) + ρ ∫ c(|⃗r − ⃗r^′|)h(r^′)d⃗r^′, (1)

where ρ is a number density of the liquid, h(r) = g(r) − 1 is a total correlation function and c(r) – a direct correlation function. Equation (1) is supplemented by a closure between h(r) and c(r):

g(r) = exp (γ(r) − βU(r) + B(r)). (2)

Here β = 1/k_BT is inverse temperature , U(r) is an interacting potential, γ(r) = h(r) − c(r) and B(r) is a bridge function. The detailed knowledge of the bridge function is necessary to solve this integral equation for a given potential. In order to extract the bridge function from the PDF calculated by MD simulation we extended g^{MD}(r) beyond the simulated box following the procedure proposed by

Bridge function for liquid Na

Figure 1. The interacting potential for liquid Na and the potential for the MHW reference system.

Galam and Hansen [18] which reduces to solving (1) coupled with the MSA closure:

c(r) = { g^{MD}(r) − 1 − γ(r), r < R_c −βU_m(r), r > R_c

, (3)

where g^{MD}(r) is the simulated pair distribution function, R_c is a cut-off distance and U_m(R) is a cut potential used in the simulation. The cut-off radius R_c in fact is limited to half a simulation box length L/2. The bridge function can now be extracted from g(r) and γ(r) via the following relation:

B(r) = γ(r) − lng(r) − βU(r). (4)

For completeness we also solved equations (1)–(2) by using the bridge function derived from the Mori-Hoshino-Watabe scheme. In the MHW approximation the system interacting via the repulsive part of the interatomic potential U(r) is only chosen as a reference system:

U^{rs}(r) = { U(r) − U(r_m), r < r_m 0, r > r_m

, (5)

where r_m is the first minimum of U(r).The bridge function of such a system is calculated in the PY approximation which is known to give good results for repulsive potentials. Obtained in this way B(r) is assumed to be nearly equal to the real one [9].

Figure 2. The sample II MD pair distribution function g(r) for liquid Na together with the PDFs from the RHNC equation with two bridge functions: extracted from the MD data (RHNC-MD), and from the MHW reference system (RHNC- MHW)

3. Results

We have investigated liquid Na at the numerical density ρ = 0.024217 Å^{−3} and temperature T=373 K. The interatomic potential was calculated from the local Ashcroft empty-core pseudopotential. Although nowadays more sophisticated methods exist to construct effective interatomic potential in liquids, we stick to this rather simple model potential as it is able to produce excellent results for the static structure of liquid metals (for an overview see Hafner [20]). The only parameter of the potential is the core-radius r_c, which is chosen to be 1.78 a.u., that guarantees a zero-pressure condition for the solid state at T=0 K and gives good agreement with an experiment for the static structure factor over a large temperature range [13]. A dielectric screening function is used with the local-field correction proposed by Ishimaru and Utsumi. The function βU(r) for liquid Na, together with that used for the MHW reference system, is plotted in figure 1. The molecular dynamics simulations were performed in the usual (NV E) ensemble for two different system sizes. Sample I contains 864 particles and sample II has 2048 particles. Integration of the equations of motion was done by a 4th-order predictorcorrector Gear algorithm with the time step 4×10^{−14} s. The initial configuration of particles was a face-centred cubic lattice, and their initial velocities were randomly put into a Maxwellian distribution. In the first stage of the simulations the system was molten at 900 K to break the lattice. In the second run temperature was

Bridge function for liquid Na

Figure 3. The extracted from MD simulations bridge functions at different cut-off radii and B(r) of the MHW reference system. Sample I consists of 864 particles and sample II – of 2048 particles.

lowered by a slow cooling process down to 373 K and another 2000 steps were taken to equilibrate the system at the new temperature. The productional run in the equilibrium state was of 100 000 time steps for system I and 50 000 for system II. The total energy was conserved during the MD runs within 0.05% and may be regarded constant. Every tenth configuration was taken into account in the computation of the static equilibrium averages.

The pair distribution function obtained in MD simulations was used to generate the bridge function following the procedure described in section 2. The integral equations (1)–(3) were solved numerically by means of a Newton-Raphson method [21] with the accuracy of 1.0 × 10^{−6}. In figure 2, we show the pair correlation functions obtained with the bridge function extracted from the MD data (RHNC- MD) and that calculated by using the MHW scheme (RHNC-MHW). We also depict the pair distribution function obtained directly from MD simulation for a larger system. An agreement between the RHNC-MD and the simulation is excellent even beyond R_c, whereas the RHNC-MHW shows some discrepancies in the magnitude of the first and second peaks. Some further suggestions as to these discrepancies will be made later.

In order to assess the cut-off radius dependence in the MD-data extension procedure we used several values of R_c. The bridge functions for the two sample sizes calculated with the smallest (R_c = 7.7 Å) and the largest (equal to half the cell length) PDF cut-off radii are presented in figure 3 together with the bridge function from the MHW approximation. The rest of B(r) fall between these two extreme cases. The results for B(r) at large values of r are plotted in the inset of

Figure 4. A structure factor for liquid Na calculated from the RHNC equation with different bridge functions for sample II.

figure 3. One readily sees that all the curves exhibit the same qualitative behaviour. For short distances, which correspond to the first and second coordination shells, the cut-off and sample size dependencies of the MD bridge functions are almost negligible and all B(r) are remarkably close to each other. At larger values of r the influence of the sample size becomes more noticeable. It is clearly seen that the bridge function for sample II reaches a plateau near 13 − 14 Å which smoothly tends to zero at r = R_c. It is difficult to find such a plateau for sample I because the simulation cell is too small. A similar plateau is reported in [22], where MD simulations were performed for 4000- and 32000-particle systems. It is found there that this plateau only results from statistical errors in PDF, and its amplitude is almost inversely proportional to the square root of the number of samples used in evaluating the PDF. The plateau can be reduced to zero by increasing either the number of particles or the number of PDF samplings.

The MHW bridge function exhibits a correct behaviour at short distances where it reproduces the positions of maxima and minima of the “experimental” bridge function. At larger r, it merges with the MD B(r) of the smallest cut-off radius. The magnitudes of these two functions, however, are rather different. In purely metallic systems, where the interatomic potential has a long-range oscillatory character, one cannot safely neglect the potential’s attractive tail without having grave consequences in B(r) and, as a result, in g(r) as shown in figure 2.

Finally, we investigated the cut-off and sample size dependence of the static structure factor S(k). In figure 4 we plotted the structure factors calculated by using various sets of bridge functions for sample II. We found that S(k) practically does not depend on the sample size. The small-k behaviour of the structure factors is shown in the inset of figure 4. For comparison we also depicted the experimental

Bridge function for liquid Na

x-ray data of Waseda [23]. The value of S(k) at k = 0 was calculated from the compressibility data. It should be noted that all structure factors with the MD bridge functions are hardly distinguishable from each other and merge into one curve. In a small-k region all S(k) calculated with R_c up to the plateau coincide. For those cut-off radii belonging to the plateau (R_c=17.5 and 20.15) the statistical errors become large enough to distort the shape of the structure factor at k → 0. The static structure factor calculated with the MHW bridge function reproduces the MD results quite accurately, with small discrepancies in the magnitudes of the main and second peaks.

Two conclusions can be drawn concerning the investigation of the bridge function for liquid metals considered here. Firstly, the bridge function and the static structure factor slightly depend on the cut-off radii and practically do not depend on the sample size. As a result, the combined use of MD simulations for a relatively small number of particles with the RHNC-type integral equations provides a powerful tool for the description of the microscopic structure of liquid metals. Such a combination is especially useful in ab initio calculations that deal with small sample sizes. Secondly, the reference system proposed by Mori, Hoshino and Watabe, described by the repulsive part of the pair potential and involving no adjustable parameters, gives a good account of the static structure of liquid metals.

References

1. Kahl G., Bildstein B., Rosenfeld Y. Structure and thermodynamics of binary liquid mixtures: universality of the bridge-functional. // Phys. Rev. E, 1996, vol. 54, No. 5, p. 5391–5406.

2. Lado F. A local thermodynamics criterion for the reference-hypernetted chain equation. // Physics Letters, 1982, vol. 89A, No. 4, p. 196–198.

3. Lado F., Foiles S.M., Ashcroft N.W. Solution of the reference-hypernetted-chain equation with minimized free energy. // Phys. Rev. A, 1983, vol. 28, No. 4, p. 2374–2379.

4. Pastore G., Kahl G. Thermodynamically self-consistent integral equations and the structure of liquid metals. // J. Phys. F, 1987, vol. 17, No. 11, p. 267–271.

5. Matsuda N., Mori H., Hoshino K., Watabe M. Universality in the structural change of expanded alkali metals along the liquid-vapour coexistence curve. // J. Phys.: Condens. Matter, 1991, vol. 3, p. 827–836.

6. Perrot F., Chabrier G. First-principles models and thermodynamic properties of liquid simple metals: a numerical comparison. // Phys. Rev. A, 1991, vol. 43, No. 6, p. 2879– 2889.

7. Chen H.C., Lai S.K. Structure and thermodynamics of liquid alkali metals in variational modified hypernetted-chain theory. // Phys.Rev. A, 1992, vol. 45, No. 6, p. 3831–3840.

8. Kahl G. Integral-equation approach to the structure of liquid binary alkali-metal alloys. // Phys. Rev. A, 1991, vol. 43, No. 2, p. 822–834.

9. Mori H., Hoshino K., Watabe W. A new bridge function scheme in the modified hypernetted-chain approximation for liquid alloys. // J. Phys.: Condens. Matter, 1991, vol. 3, p. 9791–9795.

10. Rosenfeld Y., Ashcroft N.W. Theory of simple classical fluids: universality in the short-range structure. // Phys. Rev. A, 1979, vol. 20, No. 3, p. 1208–1235.

11. Lomba E., Stell G., Anta J.A., Alvarez M. Bridge functions for models of liquid metals.

// J. Chem. Phys., 1992, vol. 97, No. 6, p. 4349–4355.

12. Trokhymchuk A.D., Holovko M.F., Spor E., Heinzinger K. Combination of computer simulation methods and optimized cluster theory in determining equilibrium properties of electrolyte solutions. // Mol. Phys., 1992, vol. 77, No. 5, p. 903–919.

13. Jank W., Hafner J. The electronic structure of liquid alkali metals: calculation of photo-emission spectra. // J. Phys.: Condens. Matter., 1990, vol. 2, p. 5065–5076.

14. Shimojo F., Hoshino K., Watabe M. Dynamical correlation functions and memory functions of liquid sodium – a molecular dynamics simulation. // J. Phys. Society of Japan, 1994, vol. 63, No. 1, p. 141–155.

15. Balucani U., Torcini A., Vallauri R. Liquid alkali metals at the melting point: structural and dynamical properties. // Phys.Rev. B, 1992, vol. 47, No. 6, p. 3011–3020.

16. Gonzalez L.E., Gonzalez D.J., Hoshino K. The structure and electronic density distribution in the liquid alkali metals. // J.Phys.: Condens. Matter., 1993, vol. 5, No. 50, p. 9261–9276.

17. Kambayashi S., Chihara J. First-principles molecular dynamics of liquid alkali metals based on the quantal hypernetted chain theory. // Phys. Rev. E, 1996, vol. 53, No. 6, p. 6253–6263.

18. Galam S., Hansen J.P. Statistical mechanics of dense ionised matter. VI. Electron screening corrections to the thermodynamic properties of the one-component plasma. // Phys. Rev. A., 1976, vol. 14, No. 2, p. 816–832.

19. Gonzalez L.E., Silbert M., Gonzalez D.J., Dalgic S. On the static dielectric function of liquid metals. // Z.Phys. B, 1997, vol. 13, p. 13–20.

20. Hafner J. From Hamiltonians to Phase Diagrams. Berlin: Springer, 1987. 21. Busigin A., Phillips C.R. Efficient Newton-Raphson and implicit Euler methods for solving the HNC equation. // Mol. Physics, 1992, vol. 76, No. 1, p. 89–101.

22. Kambayashi S., Chihara J. Extraction of the bridge function for simple liquids from a molecular dynamics simulation and its application for correcting the pair distribution function. // Phys. Rev. E, 1992, vol. 50, No. 2, p. 1317–1324.

23. Waseda Y. The Structure of Non-Crystalline Materials. New York: McGraw-Hill, 1980.

Елементарні діаграми для рідкого Na

А.Баумкетнер, Я.Чушак

Інститут фізики конденсованих систем НАН Укpаїни, 290011 Львів, вул. Свєнціцького, 1

Отримано 26 грудня 1997 р.

Елементарні діаграми B(r) для рідкого Na розраховані в базисному гіперланцюговому наближенні з парних функцій розподілу отриманих методом МД. Проведено порівняння з B(r) в наближенні Морі-Хоші-но-Ватабе. Досліджено залежність статичного структурного фактора від радіуса обрізання базисної парної функції розподілу.

Ключові слова: статичний структурний фактор, елементарні діаграми, інтегральні рівняння

PACS: 61.25.Mv, 65.50.+m, 61.20.Gy