Condensed Matter Physics 2010, Vol. 13, No 2, 23605: 1–11

http://www.icmp.lviv.ua/journal

Equation of state for ϵ-iron at high pressures and temperatures

A.B. Belonoshko

Condensed Matter Theory, Department of Theoretical Physics, KTH, S–106 91, Stockholm, Sweden

Received February 9, 2010, in final form March 26, 2010

The equation of state for hexagonal close packed (hcp or ϵ) phase of Fe at high pressure is created by employing molecular dynamics (MD) simulations in conjunction with the embedded atom method based on the full potential linear muffin tin orbital (FPLMTO) method. Comparison between the existing experimental data and our calculations suggests that the obtained equation of state can be reliably used for calculating iron volumetric properties under conditions appropriate for the Earth’s core. We demonstrate that some experimental data on iron might be subjected to a systematic error. I suggest a model which describes the temperature dependence of the volume better than the Mie-Grüneisen equation.

Key words: iron, equation of state, molecular dynamics, high pressure

PACS: 61.66.Bi, 62.50.+p, 64.30.+t, 71.15.Pd

1. Introduction

An equation of state (EOS) for ϵ-Fe is required to provide constraints on the phase and chemical composition of the Earth core as well as its temperature. This is because the Earth core is likely to consist of iron. Iron is the only element which can satisfy the density derived from seismic measurements and that is also sufficiently abundant in the Earth [1, 2]. This subject has attracted considerable attention. Significant efforts, both experimental [3–16] and theoretical [2, 16–22], have been undertaken to determine the properties of iron under extreme conditions. Several structures have been suggested as relevant for iron at the conditions of the Earth core, namely hcp (ϵ), bcc, dhcp and orthorombic structures. Recently, equation of state for the bcc iron phase was created [23]. We demonstrated earlier that the bcc phase fits a number of properties for the Earth inner core [24–26]. Surprisingly, no robust study of the temperature impact on the ϵ-iron was performed. The existing studies are subjected to a number of approximations, such as a quasi-harmonic or particle-in-cell. Therefore, it is not known what the impact of temperature on the properties of ϵ-iron really is. The direct measurements of the iron volume at pressures above the pressure of the triple point (about 60 GPa [8]) and elevated temperatures are technically difficult. While the 300 K isotherm for iron is rather reliably determined [3], the highest pressure and temperature achieved until recently in volumetric experiments were limited to about 35 GPa and 1500 K. The comparably high temperature measurements at the highest pressure [15] manifested a major breakthrough in this field, because for the first time iron volumes were measured at pressures up to about 300 GPa and at temperatures up to 1500 K. Even though this temperature is rather modest compared to the temperatures relevant for the Earth core (up to 7000–8000 K), the experiment provides direct measurements of thermal expansion at the pressure of the Earth core.

However, a close examination of the equation of state and the experimental data to which the EOS has been fitted revealed certain problems both with the EOS and the data itself.

Due to these problems and the importance of the subject, we decided to study the EOS for ϵiron theoretically. Of course, theoretical studies cannot disprove experimental data. In our analysis we concentrate mostly on the laws to which the data should obey. The data obtained theoretically allow us to verify the validity of various models of the EOS, because molecular dynamics treats the models of solids in an exact manner unlike other phenomenological descriptions. This is why

© A.B. Belonoshko 23605-1

the MD method is also known as a computer experiment. If the experimental data do not obey the well established theories of solids, there is something wrong either with the data or with the theory. Either way, a close examination of the situation is required.

The paper is composed as follows. First, we describe how we calculated the volumes (V) of ϵ-Fe at a number of PT points. Second, we show what kind of problems we encountered when analysing experimental data and the EOS fitted to those data. Third, we show that the Mie- Grüneisen equation makes it possible to describe both experimental and our data. However, while the behaviour of γ, the Grüneisen parameter, obtained from our data, exhibits the expected volume dependence, the γ obtained from the experimental data shows a quite unusual dependence on volume. Fourth, we show that a simple model can describe our data better than Mie-Grüneisen equation. Fifth, we demonstrate that the calculated thermal EOS for ϵ-Fe is in very good agreement with the existing experimental data and can be reliably used for determining the iron density under conditions of the Earth core. Sixth, we discuss possible deficiencies of our simulated data and the experimental data.

2. Method and results

The Fe phase diagram is relatively complicated. At ambient pressure, Fe is stable in the bcc structure due to its magnetic nature. Therefore, any attempt to create a model of the interatomic interaction in Fe, which is parameterized using low-pressure experimental data, should somehow account for this magnetic nature of the bcc phase. This creates certain problems with the general concept of parameterization. Reliable high-pressure data on iron are rather scarce, therefore, a parameterization using the properties of a high-pressure hcp Fe phase is also problematic.

The solution to this problem is to parameterize some model to fit the results of first principles calculations. However, considerable computer time is required for a calculation with even a modest number of atoms prohibiting long runs (essential for high precision calculations of the volume) and restricts the number of points which can be calculated. While bcc phase is comparatively simple case [23], the hcp phase has to be optimized for the c/a ratio and this represents a considerable difficulty. On the other hand, if a parameterized model provides a correct energy (correct means here the results from first principles calculations) for any configuration, then the use of such a model is equivalent to ab initio molecular dynamics. We should mention, though, that at high temperature the electronic entropy might be important. However, the effect of the electronic term on the volume of iron was estimated to be within a few percent of the thermal change of volume [2]. Since the precision of first principles calculations is less than that, we can safely use a parameterized model.

Such a model was created in our earlier paper [40]. Here we elaborate on how we did that. In order to study the electronic structure of Fe we have used the full-potential linear muffin-tin-orbital (FPLMTO) method [29]. The calculations were based on the local-density approximation and we used the Hedin-Lundqvist [30] parametrization for the exchange and correlation potential. Basis functions, electron densities, and potentials were calculated without any geometrical approximation [29]. These quantities were expanded in combinations of spherical harmonic functions (with a cut-off ℓ_{max} = 8) inside non-overlapping spheres surrounding the atomic sites (muffin-tin spheres) and in a Fourier series in the interstitial region. The muffin-tin sphere occupied approximately 50% of the unit cell. The radial basis functions within the muffin-tin spheres are linear combinations of radial wave functions and their energy derivatives, computed at energies appropriate to their site and principal as well as orbital atomic quantum numbers, whereas outside the spheres the basis functions are combinations of Neuman or Hankel functions [31, 32]. In the calculations reported here, we made use of pseudo-core 3p and valence band 4s, 4p and 3d basis functions with corresponding two sets of energy parameters, one appropriate for the semi-core 3p states, and the other appropriate for the valence states. The resulting basis formed a single, fully hybridizing basis set. To sample the irreducible wedge of the Brillouin-zone we used the special k-point method [33]. In order to speed up the convergence we have associated each calculated eigenvalue with a Gaussian broadening of 20 mRy width.

23605-2

The FPLMTO energy-volume data for hcp and liquid iron were fitted with an EAM (embeddedatom method [34]) potential, because the EAM method has been shown [34] to give a thermal expansion of metals in good agreement with experiment. The particular form of the applied potential is as follows:

E_{conf} = N∑ i=1 E_i , (1)

where

E_i = 1 2 N∑ j=1,j≠i

ϕ(r_{ij} ) + F (ρ_i) (2)

with

ρ_i = n∑ j=1,j≠i

ρ(r_{ij} ). (3)

Here E_{conf} is the potential energy of a system of N atoms, E_i is energy of atom i, ϕ is the pairwise interaction between atoms i and j, r_{ij} is the distance between them, F (ρ) is the embedding function and ρ is another pairwise interaction leading to the density term ρ_i. The functions ϕ, ρ_i, and F (ρ) are defined as follows

ϕ(r_{ij} ) = ϵ ( a r_{ij}

)_n

, (4)

ρ(r_{ij} ) = ( a r_{ij}

)_m

, (5)

F (ρ_i) = −ϵ C N∑ i=1 √ ρ_i . (6)

As a result of the fit to first principle calculated energies, the adjustable parameters were calculated to be n = 8.137, m = 4.788, ϵ = 0.0173 eV, a = 3.4714 Å and C = 24.939.

This potential was employed in our MD simulations to calculate the volumes of hcp Fe from 60 GPa to 1000 GPa and from 300 K to 12000 K.

A description of the molecular dynamic method can be found elsewhere [35]. Most of the simulations were performed using the package DL POLY version 3.10 [36]. To ensure the reliability of our results, some of the simulations were duplicated using our own MD code and no relevant difference was found. Simulations in the NTP ensemble were performed. The results of MD simulations at constant P and T (NTP ensemble) with the chosen model of interatomic interaction depend, apart from the initial arrangement of atoms, on the number of time steps (n_{timesteps}), size of timestep (Δt), number of atoms (N), cut-off (r_{cut-off}) of the interatomic potential, the specified time constants for temperature (τ_T) and pressure (τ_P) fluctuations. Therefore, the effect of these parameters was carefully studied by carrying out a number of test runs at various T and P . It was found that the correct results can normally be obtained with N > 384, n_{timesteps} = 16000, Δt = 0.002 psec, r_{cut-off} = 6 Å, τ_T = 0.5 psec and τ_P = 0.8 psec. These values were normally used unless it was specifically intended to study the behaviour of a small system. At very high pressures and temperatures the time step was smaller. The assumption of a mean-field distribution of the density was applied for the calculations of the energy and forces at r > r_{cut-off} = 6 Å. The initial configuration for all runs was an ideal hcp lattice.

2.1. Analysis of experimental data and high-temperature Birch-Murnaghan equation of state

When we wanted to compare the results of our MD calculations with the experimental EOS [15] in the HTBM (high-temperature Birch-Murnaghan) form we noticed an unphysical behaviour of the isochores calculated with the experimental EOS (figure 1 (a)). For example, the volume at 500 GPa first increased with temperature, then decreased and subsequently increased again. This behaviour is quite evident at 500 GPa. Because of the gradual transition of isochores to the

23605-3

(a) (b)

Figure 1. Volume change (a) as a function of temperature at a number of pressures according to the recently published equation of state [15]. Pressure (GPa) on isobars is indicated in the boxes. The pressure step from one isobar to the next is equal to 25 GPa, except between the first and the second isobar, where the pressure step is equal to 24 GPa. ∂P/∂TV calculated with the same EOS (b) at V equal to 3, 4, and 5 cm^3/mole. Note the negative values of the derivative (unphysical behaviour).

evidently erroneous behaviour, it is likely that there is an error already at lower pressures and temperatures. As can be seen in figure 1 (b), the temperature derivative of the pressure becomes negative starting at some values of PT. Such a dependence is clearly unphysical (except for the case of molecular crystals in a very narrow PT range, e. g. ice at ambient pressure and temperature, pressure always increases when the temperature increases at constant volume). Let us consider the HTBM EOS which was used for fitting to the experimental data [15]. According to this EOS we can calculate the pressure from the following expression P = 3 2 B_{T,0} ( η^{7/3} − η^{5/3} ) [ 1 − 3 4 (4 − B^′_{T,0})(η^{2/3} − 1) ] , (7)

where B_{T,0} and B^′_{T,0} are the bulk modulus and its pressure derivative. The relative volume η is defined as η = V_{T,0} V (8) and V_{T,0} = V_0 exp ∫ α_{T,0}dT , (9)

where α is thermal expansion coefficient. The change of the bulk modulus at zero pressure with temperature is described by a polynomial

K_{T,0} = 1 b_1 + b_2T + b_3T^2

. (10)

The idea behind HTBM EOS is simple. The Birch-Murnaghan EOS is an isothermal equation. If at each temperature we can find a corresponding V_0, B, and B^′, it will be sufficient to calculate the pressure at a given V and temperature. Presumably, the simultaneous fit should provide these values. However, if the temperature is higher than the melting temperature at zero pressure these values are fictious. Clearly, the polynomial expression for the temperature dependence of the bulk modulus does not have physical meaning and an extrapolation is problematic. Of course, if the HTBM is used in the PT range where it was fitted, then the error of the calculation is less or equal to the error of the fit. Since the form of the HTBM EOS does not intrinsically guarantee a correct physical behaviour at extrapolation it is natural to expect that at some PT range the behavior

23605-4 might become unphysical. Therefore, the use of the HTBM EOS for calculating iron properties at the conditions of the Earth core [15] is doubtful.

Therefore, we decided to fit the experimental data to other kinds of thermal equations of state. A widely used thermal EOS is the Mie-Grüneisen equation which was analysed in detail by Anderson [2], in particular with regard to its application to iron. According to this equation the pressure can be calculated from the following expression

P (V, T ) = P (V, 300) + P_{thermal}(V, T ). (11)

The term P (V, 300), usually referred to as the cold pressure, can be calculated using the Birch- Murnaghan EOS, actually the same as the HTBM EOS (see above) at the temperature of 300 K. This term for iron is comparatively well known [3]. The second term can be calculated using the Mie-Grüneisen expression

P_{th} = γE_{th} V . (12)

Anderson [2] discussed the reliability of this expression and suggested the following expression for the calculation of γ

γ = γ_0 ( V V_0

)_q . (13)

(a) (b)

Figure 2. Difference between experimental and calculated volumes of iron. Sources for the experimental data and the equations used for the fitting are indicated in the legend (MD data are considered as a result of computer experiment). For a detailed description of the equations used for the fitting see the text. The errors of the fit are plotted against pressure (a) and temperature (b).

We fitted the experimental data by means of the Mie-Grüneisen equation (which has 5 fitting parameters, i.e. one less than what was used in the HTBM EOS [15]) and obtained a better fit than using the HTBM EOS. The fitting errors are shown in figure 2 as a function of pressure (figure 2 (a)) and temperature (figure 2 (b)). One can see that the maximum error is smaller when using the Mie-Grüneisen EOS. The mean square deviation from experiment is also smaller with the “gamma” (Mie-Grüneisen) EOS. Since the “gamma” equation has less parameters, provides a better fit to the experimental data and is physically justified, it should be considered preferable over the HTBM EOS. The calculated γ_0 and q, obtained from the fit are equal to 2.123 and -0.978, correspondingly. The value for γ_0 is normal, but the value of q_0 is anomalous. Normally, in all descriptions of iron PVT data, including the Hugoniot shockwave adiabat, the value of q_0 ranges from 0.5 to slightly above 1. The negative value of q_0 indicates that there is something very unusual about the experimental data. This can also be seen in the figure 3 where values for γ fitted to the experimental data are compared with the γ, calculated from the “cold” EOS of iron [37] with the

23605-5 expression

γ = −1 − V 2 ( ∂^2P/∂V^2 − 10P/9V^2 ∂P/∂V + 2P/3V ) . (14)

Equation (14) is quite general and, not being particularly precise, correctly predicts the general change of a thermal expansion with volume. The opposite behavior of γ_{exp} and the theoretical γ (equation (14)) prevents us from using the experimental data for deriving an EOS for iron under extreme conditions. Therefore, we decided to attempt to use the MD generated data for volumes of ϵ-Fe at high pressure and at a series of temperatures.

Figure 3. Parameter γ, fitted to experimental [15] and MD data as a function of volume. These values of γ are compared with the γ calculated from 300 K isotherm for iron using the method by Dugdale and MacDonald [37]. While γ fitted to MD data and the theoretical γ shows similar behaviour, the γ fitted to experimental data [15] shows an anomalous behaviour.

2.2. Equation of state of ϵ-iron and comparison with available data

We calculated a set of MD volumes at a number of pressures and temperatures. The largest difference between experimental [3] and calculated volumes was less than 3%. This is a normal precision when metal volumes are calculated using an embedded-atom method [34]. However, if the purpose is to create an EOS which could be useful, it is desirable to minimize the errors. Therefore, to derive an EOS for iron we used the following procedure. The cold isotherm was accepted exactly as the isotherm with equation (11) at the temperature of 300 K, fitted to experimental data [15],

Figure 4. The calculated (MD) temperature change of the ϵ-Fe volume for a number of pressures indicated on the legend (symbols). The solid lines represent the fit provided by equation (18).

23605-6 which, in turn, is close to the previously determined isotherm [3] at 300 K. The isotherm is defined by three parameters, V_0 = 6.695 cm^3/mole (volume at the zero pressure and temperature 300 K), B = 173.98 GPa (bulk modulus), and B^′ = 5.297 (bulk modulus derivative). Using the volumes calculated with these parameters and the set of δV = V_{P,T} − V_{P,300}, calculated using MD (figure 4, symbols), we composed the set of P − V − T points, which was fitted using the equations (11)– (13). As a result of the fit, in addition to the three above mentioned parameters, we obtained the parameters γ_0 = 2.434 and q = 0.4894. This set of parameters completely defines the volumetric properties of ϵ-Fe at high pressures and temperatures.

Figure 2 shows that the errors of fitting MD data using equations (11)–(13) are comparably large (although smaller than fitting the experimental data) at lower P and T . While P and T increase, the errors decrease. This is what one should expect because the Mie-Grüneisen EOS in the used approximation becomes more precise at high P and T . Despite comparatively large absolute errors, the maximum relative error is less than 0.5%.

The volume dependence of γ fitted to the MD data (figure 3) is similar to that calculated according to the Dugdale and MacDonald [37] expression (equation (14)). This is remarkable because the Dugdale and MacDonald’s γ is calculated using experimental iron isotherm at T = 300 K while our γ was extracted from MD data at T > 300 K.

Summarizing, the final expression for the ϵ-Fe EOS is P = 3 2 B ( η^{7/3} − η^{5/3} ) [ 1 − 3 4 (4 − B^′)(η^{2/3} − 1) ] + 3Rγ(T − 300)/V , (15)

where η = V_0 V (16) and γ = γ_0 ( V V_0

)_q . (17)

The parameters B, B^′, V_0 are respectively the bulk modulus, its pressure derivative, volume at zero pressure and room temperature, and γ_0 and q are parameters for calculating Grüneisen parameter. The calculated optimal values are given in table 1.

Table 1. Parameters of the EOS for ϵ-Fe (equations (15)–(17)).

Parameter Value V_0, cm^3/mole 6.695 B, GPa 173.98 B^′ 5.297 γ_0 2.434 q 0.489

3. Discussion

A judgement of the results from a simulation requires comparison with experimental data and an analysis of the sources for possible errors. Since our simulation mainly concerned the temperature volume change of ϵ-Fe at high pressure, it is natural to compare our EOS with high pressure-high temperature volumetric experiments. We should mention that thermal expansion of metals calculated using EAM method agrees well with experimental values [34]. As it follows from the consideration given above, not all of the experimental data are reliable. As regards the measurements of thermal expansion, the most reliable data come from the experiments that used comparatively large samples. A use of large samples allows us to significantly decrease the errors

23605-7 related to non-hydrostatic and thermal stresses and to increase the precision of X-ray structural resolution [5]. Thermal expansion can also be extracted from shockwave data [6]. In this case, unless the temperature in a shockwave experiment was measured, thermal expansion is merely an estimate, because thermal expansion and temperature are not independent parameters. Even if the temperature was measured, one should remember that those measurements are a subject of debates because the measurements themselves involve a number of poorly determined parameters. The experiment conducted by Funamori and co-authors [5] should, in our opinion, be considered as the most reliable determination of iron volume at high temperature and pressure. Figure 5 shows a comparison between thermal expansion as it is defined from experiment and our equation. The nearly exact match of the experimental data [5] is possibly fortuitous, because our MD simulations do involve certain approximations. Also, some errors were introduced due to the fitting procedure. Nevertheless, a very close match between our equation and experiment suggests that our equation based on a clear physical basis, might be useful in calculating the EOS for iron under the conditions of the Earth core. It is worth mentioning that some years ago I predicted the thermal expansion for MgSiO_3-perovskite [38] which later was measured [39] to be in perfect agreement with our prediction.

Figure 5. Thermal expansion, calculated using equation (15)–(17) with the parameters listed in table s1 (solid curves). The expansions calculated for a number of temperatures starting with 1000 K and up to 9000 K with a step of 1000 K between the curves. The symbols indicate experimental measurements of the thermal expansion. The experimental data are for temperatures between 1500 K and 2000 K [10], 1000 K [5], and 5200 K [6].

In our MD calculations we neglected the effect of the electronic entropy on the volume change of iron. In terms of our expression, which we used for fitting the MD calculated volumes (equation (15)–(17), this means that the parameter γ should be somewhat larger. However, as it follows from general considerations [2], the change of γ due to the electronic degrees of freedom is comparably small, about 5% at the Earth’s core conditions. This introduces, therefore, about 5% correction to the value V_{P,T} − V_{P,300} and about 0.5% of the V_{P,T}. This is a precision which is not essential from a practical point of view.

The obtained EOS is in good agreement with shock-wave data [13]. The agreement becomes nearly perfect if instead of the parameters quoted in table 1 for B, B^′, and V_0 one uses the values 178.2 GPa, 5.15, and 6.74 cm^3/mole as obtained from the reduced shock-wave data proper. This confirms that the temperature volume change as it comes out from MD simulations is in good agreement with shock-wave data.

The errors of fitting MD data can be substantially decreased if instead of using the Mie- Grüneisen expression one uses the following dependence

V_{P,T} − V_{P,300} = A P [ T − 300 + B(T − 300)^2 ] , (18)

where A = 7.416×10^{−3} and B = 2.087×10^{−7} if the pressure is given in GPa units and δV in

23605-8 cm^3/mole. The quality of the fit using equation (18) can be seen in figure 4. The physical meaning of this equation is rather transparent. The elastic energy (P δV ) at constant P is equal to the thermal energy, i.e. to c_PT . The heat capacity at constant pressure (c_P) is equal to

c_P = c_V + α^2V KT. (19)

This explains why a second degree polynomial is necessary and sufficient to describe the volume change with temperature (equation (18)). We do not here provide a rigorous justification of this equation and it should be treated rather as an empirical observation based on “computerexperimental” data. It would be interesting to check how well this equation works for other materials.

Figure 6. Comparison between the density in the Earth inner core [41] and the density of ϵ-Fe. The iron density was calculated at the melting temperatures of iron corresponding to these pressures, i.e. from T = 7080 K at P = 330 GPa and up to T = 7520 K at P = 360 GPa.

Anyhow, the difference between using equations (15)–(17) and equation (18) is very small. Therefore, we have chosen to use the Mie-Grüneisen equation because it is widely accepted. Using the obtained EOS we calculated the density of iron at the pressures of the Earth’s inner core. At each pressure the temperature was chosen as the temperature of iron melting at the same pressure, as it comes out from our recent work [40] (from 7100 K at 330 GPa and up to 7580 K at 360 GPa). One can see (figure 6) that the calculated iron density is very close to the density of the Earth’s inner core as it comes from the seismic measurements generalized by the Preliminary Earth Model (PREM [41]). The comparison shows that the hcp iron is about 1.5% denser than the Earth’s inner core. This is close to the precision with which the 300 K isotherm of iron is measured. Assuming that the introduction of impurities in an iron matrix does not change its volume, it would be sufficient to substitute 2%–5% of iron atoms by impurities, such as S or C. This is significantly less than what was suggested previously [42]. In our recent study on EOS for the bcc iron [43] we found that to match the core density, one needs about 6 to 7% of Si added to pure iron. This means that, contrary to common beliefs, bcc is more dense than hcp under core P and T conditions. At room temperature and high pressure, where bcc phase is dynamically unstable, bcc phase is less dense than the hcp phase. This clearly shows that the attempts to use the data on the low temperature bcc phase to make conclusions on the iron in the Earth’ core should be abandoned.

4. Conclusions

The present study was motivated by a close examination of some iron equations of state based on the experimental data at high pressures and temperatures [15]. The analysis revealed certain problems with the EOS and the data with which the EOS was fitted to. First principles calculations for hcp and liquid iron combined with molecular dynamic simulations gave us the set of temperature volume change points which, in combination with comparatively well known experimental 300 K

23605-9 iron isotherm allowed us to derive a thermal EOS for iron in the Mie-Grüneisen form. The EOS is in very good agreement with experimental data. This equation might be useful when applied to the development of various models of the Earth. We suggest an expression for describing thermal energy which is alternative to the Mie-Grüneisen expression. The expression describes “computer experimental” data better than the Mie-Grüneisen one. A test for other materials is required to make a decisive conclusion on the usefulness of the suggested alternative. It follows from the comparison of our EOS and the density of the inner core that the inner core can be nearly pure iron, with a lower than previously believed concentration of impurities.

Acknowledgements

Computations were performed using the facilities at the Swedish National Infrastructure for Computing (SNIC). Financial support from the Swedish Research Council (VR) is gratefully acknowledged.

References

1. Anderson D.L., Theory of the Earth. Blackwell Scientific Publications, Boston, 1989. 2. Anderson O.L., Equations of State of Solids for Geophysics and Ceramic Science. Oxford, 1995. 3. Mao H.K. et al., J. Geophys. Res., 1990, 95, 21737. 4. Huang E., Bassett W.A., Tao P., J. Geophys. Res., 1987, 92, 8129. 5. Funamori N., Yagi T., Uchida T., Geophys. Res. Lett., 1996, 23, 953. 6. Duffy T.S., Ahrens T.J., Geophys. Res. Lett., 1993, 20, 1103. 7. Saxena S.K., Shen G., Lazor P., Science, 1994, 264, 405. 8. Shen G. et al., Geophys. Res. Lett., 1998, 25, 373. 9. Andrault D. et al., Science, 1997, 278, 831.

10. Boehler R., von Bargen N., Chopelas A., J. Geophys. Res., 1990, 95, 731. 11. Boehler R., Nature, 1993, 363, 534. 12. Williams Q.R. et al., Science, 1987, 236, 181.

13. Brown J.M., McQueen R.G., J. Geophys. Res., 1986, 91, 7485. 14. Yoo C.S. et al., Phys. Rev. Lett., 1993, 70, 3931. 15. Dubrovinsky L.S. et al., Phys. Rev. Lett., 2000, 84, 1720. 16. Dewaele A. et al., Phys. Rev. Lett., 2006, 97, 215004. 17. Zharkov V.N., Phys. Earth Planet Inter., 1998, 109, 79. 18. Belonoshko A.B., Ahuja R., Phys. Earth Planet. Inter., 1997, 102, 171.

19. Matsui M. – In: High-Pressure Science and Technology-1993, S. G. Schmidt, J.W. Shaner, G.A. Samara, M. Ross, Eds. American Institute of Physics, Woodbury, NY, 1993, p. 887–890.

20. Rao R.S., Modak P., Godwal B.K., Sikka S.K., Phys. Rev. B, 1999, 59, 13498. 21. Alfe D, Gillan M.J., Price G.D., Nature, 1999, 401, 462. 22. de Wijs G.A. et al., Nature, 1998, 392, 805. 23. Belonoshko A.B. et al., Phys. Rev. B, 2008, 78, 104107. 24. Belonoshko A.B., Ahuja R., Johansson B., Nature, 2003, 424, 1032. 25. Belonoshko A.B. et al., Science, 2007, 316, 1603.

26. Belonoshko A.B., Skorodumova N.V., Rosengren A., Johansson B., Science, 2008, 319, 797. 27. Winkler B., Dove T.M., Phys. Chem. Minerals, 1992, 18, 407. 28. Ercolessi F., Adams J.B., Europhys. Lett., 1994, 26, 583. 29. Wills J.M., Cooper B.R., Phys. Rev. B, 1987, 36, 3809; 30. Hedin L., Lundqvist B.I., J. Phys. C, 2064, 4, 2064. 31. Andersen O.K., Phys. Rev. B, 1975, 12, 3060. 32. Skriver H.L., The LMTO Method. Springer, Berlin, 1984. 33. Chadi D.J., Cohen M.L., Phys. Rev. B, 1973, 8, 5747. 34. Daw M.S., Foiles S.M., Baskes M.I., Mater. Sci. Reports, 1993, 9, 251. 35. Allen M.P., Tildesley D.J., Computer Simulation of Liquids. Clarendon, Oxford, 1987. 36. Todorov I.T., Smith W., Trachenko K., Dove M.T., J. Mater. Chem., 2006, 16, 1611. CCLRC, Daresbury Laboratory, Daresbury, Warrington, England, 1998.

37. Dugdale J.S., MacDonald D.K. C., Phys. Rev., 1953, 89, 832.

23605-10

38. Belonoshko A.B., Geochim. Cosmochim. Acta, 1994, 58, 4039. 39. Funamori N. et al., J. Geophys. Res., 1996, 101, 8257.

40. Belonoshko A.B., Ahuja R., Johansson B., Phys. Rev. Lett., 2000, 84, 3638. 41. Dziewonski A.M., Anderson D.L., Phys. Earth Planet. Inter., 1981, 25, 297. 42. Jephcoat A., Olson P., Nature, 1987, 325, 332. 43. Belonoshko A.B., Phys. Rev. B(Rapid), 2009, 79, 220102.

Рiвняння стану для ϵ-залiза при високих тисках i температурах

А.Б. Бєлоножко

Вiддiл теоретичної фiзики, Королiвський iнститут технологiй, Стокгольм, Швецiя

Застосовуюси симуляцiї методом молекулярної динамiки разом з атомним методом, що базується на методi LMT орбiталей з повним потенцiалом, створено рiвняння стану для гексагональної щiльно упакованої (hcp або ϵ) фази залiза при високому тиску. Порiвняння мiж iснуючими експериментальними даними i нашими обчисленнями наводить на думку, що отримане рiвняння стану може бути надiйно використане для обчислення об’ємних властивостей залiза при умовах, що вiдповiдають кору Землi. Ми показуємо, що деякi експериментальнi данi по залiзу можуть пiддаватися систематичнiй похибцi. Я пропоную модель, яка описує температурну залежнiсть об’єму краще нiж рiвняння Мi-Грюнайзена.

Ключовi слова: залiзо, рiвняння стану, молекулярна динамiка, високий тиск

23605-11