Pis’ma v ZhETF, vol. 97, iss. 4, pp. 210 – 214 © 2013 February 25

Liquid methane at extreme temperature and pressure: implications for models of Uranus and Neptune

D. Richters, Th. D. Kühne^{+1)}

Institute of Mathematics and Center for Computational Sciences, Johannes Gutenberg University Mainz, D-55128 Mainz, Germany

+Institute of Physical Chemistry and Center for Computational Sciences, Johannes Gutenberg University Mainz, D-55128 Mainz, Germany

Submitted 9 January 2013

We present large scale electronic structure based molecular dynamics simulations of liquid methane at planetary conditions. In particular, we address the controversy of whether or not the interior of Uranus and Neptune consists of diamond. In our simulations we find no evidence for the formation of diamond, but rather sp^2-bonded polymeric carbon. Furthermore, we predict that at high temperature hydrogen may exist in its monoatomic and metallic state. The implications of our finding for the planetary models of Uranus and Neptune are in detail discussed.

DOI: 10.7868/S0370274X13040048

Being the most abundant organic molecule in the universe, liquid CH_4 at high temperature and pressure is of great relevance for planetary science. The here considered pressure and temperature conditions follow the isentrope in the middle ice layers of Neptune and Uranus at a depth of one-third the planetary radius below the atmosphere. The gravity fields and mean densities of the outer gas giants Neptune and Uranus allude to a three-layer model: a relatively small central rocky core composed of iron, oxygen, magnesium and silicon, followed by an ice mantle and a predominantly hydrogen atmosphere. The middle ice layer consists of CH_4, NH_3 as well as H_2O and, in spite of its name, is not solid but gaseous in the outer atmosphere and a hot liquid in the interior [1]. At variance to the planetary models of Saturn and Jupiter, the observed values for mass and radius indicate that hydrogen cannot be an integral part of either Neptune and Uranus. Since it is moreover not primordial, the detected abundance of hydrogen in the atmospheres of both planets implies that it may initially originate from deep within the planets and brought to the outmost layer by convection, where it does not substantially contribute to the total mass [2]. It has to be mentioned that there is an uncertainty on the relative masses of the ice layer with respect to the rocky core [3]. However, we do not rely on any of these planetary models but only on the occurrence of a sizable amount of ammonia, which most planetary models have in common [1–3].

1)e-mail: kuehne@uni-mainz.de

In any case, information on the interior structure of Neptune and Uranus is scarce and experimentally only indirectly accessible by means of Voyager II flyby measurements [4–6], shock-wave compression [7, 8], as well as laser-heated diamond anvil cell experiments [9]. Even though CH_4 is the most stable hydrocarbon at ambient conditions, based on these shock-wave experiments as well as theoretical ground state calculations [10], it has been suggested that CH_4 may dissociate around P = 20 GPa and T = 2000 K into H_2 and diamond [11]. While there is little doubt that in the cores of Uranus and Neptune CH_4 dissociates into diamond, this would be anyhow rather consequential as it implies that in the interiors of these giant planets there is no CH_4 at all, but a huge diamond mine instead.

On the other hand, ab-initio molecular dynamics (AIMD) simulations predicted that the formation of diamond is preempted by the appearance of hydrocarbons [12]. Notwithstanding that their finding had been subsequently confirmed by laser-heated diamond anvil cell experiments, which, at pressure P = 19 GPa and temperature T = (2000−3000) K, indicate the presence of both polymeric carbon as well as diamond [9]. This view was further strengthened by subsequent AIMD simulations, even though none of them found any evidence for diamond formation [13–15]. Nevertheless, AIMD simulations are particularly appropriate to directly probe CH_4 under the extreme pressure and temperature conditions predominating in the middle ice layer, in particular as here in either case covalent bonds are broken and formed. Moreover, all of the AIMD simulations

210 Письма в ЖЭТФ том 97 вып. 3 – 4 2013 show that the intricate interplay between temperature and pressure is essential to grasp CH_4 at planetary conditions, where covalent C–H bonds are broken by heat, while compression favors condensation of the dissociated carbon atoms. It is therefore suggestive that in AIMD simulations at even higher pressure, but still in the middle ice layer, carbon may nonetheless spontaneously transform into diamond. However, what causes the large discrepancy in the pressure between theory and experiment when diamond is formed is unknown.

In this report we revisit the behavior of liquid CH_4 by means of a novel field-theoretic approach to linear scaling AIMD simulations [16, 17]. However, contrary to previous AIMD simulations, where the considered systems sizes have been rather small (16–128 CH_4 molecules) [12, 13, 15], here we use as many as 1000 CH_4 molecules in a periodic cubic simulation box of length L = 25.55 Å as our unit cell. All of our calculations have been performed in the canonical ensemble at T = (2000−6000) K and volume V = 10.04 cm^3/mol, which corresponds to the second-shock at P = 92 GPa and T = 4000 K of a two-stage light-gun shock compression experiment [7]. The agreement with the timeaveraged pressure ⟨P ⟩ = 72 GPa of our AIMD simulation at T = 4000 K, as calculated using the Nielsen– Martin stress-theorem [18], is more than satisfactory.

For all of our large scale MD simulations we have employed the self-consistent tight-binding model for hydrocarbons [19] as implemented in the CMPTool code [20]. The atoms are propagated by a modified Langevin equation using a discretized time step of Δt = 0.5 fs [21]. Since we are dealing with a large disordered system at finite temperature, the Brillouin zone is sampled at the Γ-point only.

Well-equilibrated and long trajectories are essential to ensure an accurate sampling. To that extend we have at first carefully equilibrated each of our simulations at T = 2000, 4000, and 6000 K, before accumulating statistics for overall 50 ps. Even though dissociation processes typically happen on rather short timescales, it is important to note that the temperature for dissociation and dehydrogenation as determined by direct MD simulations only represents an upper bound. A major advantage of our novel grand-canonical simulation technique is that, at variance to conventional ground-state AIMD simulations, excited electrons can be employed. Due to the fact that they are known to dramatically weaken covalent bonds [22], and therefore may facilitate the dissociation of CH_4, we have hence chosen β/k_B to be identical with the nuclear temperature. Nuclear quantum effects, such as zero-point energies, are less important for the high temperature regime examined here and are therefore neglected. However, entropy effects have been shown to be very relevant, so that the dissociation of CH_4 is supposedly much more sensitive to temperature than it is to pressure [15].

The partial pair correlation functions (PCF) of our simulations are shown in Figs.1–3. As can be seen in Fig. 1, as well as Fig. 3, at T = 2000 K essentially no

Fig. 1. (Color online) Comparison of the C-C PCF at 2000 K (solid red line), 4000 K (dashed blue line) and 6000 K (dot-dashed black line)

covalent C–C and H–H bonds are present. The only remaining significant peaks at 2.81 and 1.74 Å represent the average C–C and H–H distances between two adjacent CH_4 molecules, respectively. The insignificant peaks at 1.47 Å in Fig. 1 and 0.75 Å in Fig. 3 do not point to an onset of dissociation, as proposed by experiment [11, 9], but are rather due to fleetingly broken C–H bonds caused by finite temperature. Consequently, the sharp intramolecular peak in Fig. 2 at around 1.075 Å can be ascribed to covalent C–H bonds. The corresponding coordination numbers, as obtained by integrating the associated PCFs up to their first minima, are shown in Table. In the case of C–H the partial coordination number is 3.984, which indicates that the liquid at T = 2000 K, except for single fleetingly broken C–H bonds, is nearly exclusively made up of undissociated CH_4 molecules. This view is consistent with other AIMD studies [12, 13, 15], but at variance to theoretical ground-state calculations [10], as well as experimental measurements [8, 9, 11], no signature for dissociation have been found.

For the most relevant case at T = 4000 K and P ≈ ≈ 100 GPa the situation is much different and evidences for dissociation can indeed be observed. As can be seen in Fig. 1 covalent C–C bonds are appearing just like covalently bonded H_2 dimers, as shown in Fig. 3. As

Письма в ЖЭТФ том 97 вып. 3 – 4 2013

Fig. 2. (Color online) The C–H PCF at 2000 K (solid red line), 4000 K (dashed blue line), and 6000 K (dot-dashed black line)

Fig. 3. (Color online) The H–H PCF at 2000 K (solid red line), 4000 K (dashed blue line) and 6000 K (dot-dashed black line)

a consequence, the height of the intramolecular C–H peak in Fig. 2 is much reduced, though still existing. From Table it can be deduced that nearly half of the covalent C–H bonds are broken, which indicates that methane does dissociate only partially to form hydrocarbon chains with mainly two and three carbon atoms, as well as H_2. More precisely, the CH_4 molecules dissociate and recombine to form C_2H_6 and to a smaller extend C_3H_8, which is in agreement with previous AIMD studies [12, 13, 15]. However, we find no sustained signature for the presence of C_2H_2, which has been detected in the atmosphere of Neptune [23]. But, we do find seeds of somewhat longer sp^2-bonded chains and ring-like carbon structures, but definitely no signature of sp^3 carbon bonds, i.e. no diamond-like carbon. This is consistent with the computed vibrational density of states of Spanu et al. [15], who report a noticeable feature at 1600 cm^{−1} that can be attributed to threefold coordinated carbon atoms in graphite-like configurations. That is to say, that on the one hand our calculations are in agreement with experiment by implying that in the middle ice layer CH_4 molecules itself are not present, but merely its dissociated constituents, which confirms that the interior chemistry of Uranus and Neptune is more complex than previously assumed. On the other hand, our results differ in the sense that at T = 4000 K we do not find any evidence for diamond-like carbon, as reported by the very same experiments [8, 9, 11].

Even deeper within the planet at even higher temperature of T = 6000 K, the remaining CH_4 have fully dissociated as indicated by the vanishing intramolecular C–H peak in Fig. 2. On the other hand, the first peak in Fig. 1, which is due to C–C bonds, as well as the covalent H–H peak in Fig. 3 are even more pronounced as in the case for T = 4000 K. As shown in Table the partial C–H coordination number is rather small, which entails that contrary to T = 4000 K hydrocarbon chains are no longer present, but have completely dehydrogenated into polymeric carbon and hydrogen. As before, no evidence for sp^3-bonded diamond could be found, which indicates that even higher pressures are required to condense carbon into diamond.

Partial coordination numbers, as obtained by integrating the associated PCFs up to their first minima, for all investigated temperatures

T , K C–C C–H H–H 2000 0.080 3.984 0.004 4000 1.244 2.298 0.408 6000 2.556 0.417 1.115

However, in contrast to previous AIMD simulations [12, 13, 15] we find for the first time that at T = 6000 K hydrogen is no longer solely molecular, but a noticeable fraction of monoatomic hydrogen can be identified. This immediately suggest that at T = 6000 K the present hydrogen molecules are on the verge of a liquid–liquid phase transition into an atomic fluid phase, which is in agreement with recent calculations [24, 25]. In our calculations we find that the band gap is rapidly decreasing with temperature and vanishing at T = 6000 K. Together with the fact that dissociation has shown to be accompanied with the metallization [26, 27], our prediction of liquid atomic hydrogen may lead to an explanation for the large magnetic fields of planets such as Uranus and Neptune through a dynamo-like mechanism by electrical currents in the liquid metallic regions of their interiors [28]. Since we find that liquid CH_4,

Письма в ЖЭТФ том 97 вып. 3 – 4 2013 where it is stable at T = 2000 K, is a wide band-gap insulator, it can only fully dehydrogenated contribute to the magnetic field in the form of metallic hydrogen, which indeed has been established experimentally at rather similar conditions by shock-compression experiments [29, 30]. Moreover, the motion of charged particles trapped in such magnetic fields causes the generation of radio waves. In fact, planetary radio experiments aboard the Voyager II flyby mission detected a wide variety of radio emissions for both planets [31].

If large enough, amorphous or crystalline carbon clusters precipitate and sink towards the planetary center as sediment via gravitational settling. The corresponding release of energy has been estimated to be a substantial fraction of the internal heat production, which would explain for instance why Neptune radiates more than twice the energy it receives from the Sun [9]. Furthermore, it is also likely the cause for the externally observed high luminosity and could even contribute to the convective motions of its fluid interior of Neptune. The reason, why for Uranus no such internal heat flow mechanism could be established is still unknown [5]. Nevertheless, the similarity of the internal structures of these two planets suggests that the suppressed convection of Uranus may be a consequence of its closer proximity to the Sun. In contrast, saturated hydrocarbons such as C_2H_6 and H_2, being the products of the above ascertained decomposition of CH_4 at T = 4000 K, do not precipitate and instead rather rise to join the atmosphere. As a consequence, this process could be responsible for the anomalous abundance of H_2 in the atmospheres of both planets, and in the case of Neptune may also account for the observed wealth of atmospheric C_2H_6, where it might be brought up from the deep interior by the just elucidated convection process. Therefore, the present results imply that deep chemical processes such as phase transformations at extreme temperatures and pressures must be considered to model the interiors of giant gas planets more realistically.

Even though, our calculations provide a consistent picture of the deep chemistry of Neptune and Uranus, the remaining question is why no diamond formation could be observed, whereas experimentally it is reported to occur from P = 20 GPa and T = 2000 K on. Due to the fact that liquid methane is optically transparent and can not simply be heated by a laser beam, it is therefore common practice to include a noble metal absorber within laser-heated diamond anvil cell experiments. Spanu et al. reported that without a metallic absorber no formation of complex hydrocarbons and H_2 at T = 2000 K could be determined, which not only agrees with the findings of the present work but also indicates that liquid CH_4 resides in a metastable state. On the contrary, at the presence of a nobel metal, liquid CH_4 readily dissociates [15].

We conclude by noting that another possibility to explain the discrepancy between theory and experiment may be the existence of a homogeneous nucleation mechanism, similar to the one recently proposed by Khaliullin et al. for the direct graphite-to-diamond transition [32, 33].

The authors acknowledge financial support from the Graduate School of Excellence MAINZ and the IDEE project of the Carl Zeiss Foundation. We are grateful to Manuel Dömer for critical reading the manuscript.

1. M. Podolak, A. Weizman, and M. Marley, Planet. Space Sci. 43, 1517 (1995).

2. W. B. Hubbard, Science 214, 145 (1981). 3. M. Podolak, J. I. Podolak, and M. Marley, Planet. Space Sci. 48, 143 (2000).

4. W. J. Nellis, D. C. Hamilton, N. C. Holmes et al., Science 240, 779 (1988).

5. W. B. Hubbard, W. J. Nellis, A. C. Mitchell et al., Science 253, 648 (1991).

6. R. Helled, J. D. Anderson, M. Podolak, and G. Schubert, ApJ 726, 15 (2011).

7. W. J. Nellis, F. H. Ree, M. van Thiel, and A. C. Mitchell, J. Chem. Phys. 75, 3055 (1981).

8. W. J. Nellis, D. C. Hamilton, and A. C. Mitchell, J.

Chem. Phys. 115, 1015 (2001).

9. L. R. Benedetti, J. H. Nguyen, W. A. Caldwell et al., Science 286, 100 (1999).

10. F. H. Ree, J. Chem. Phys. 70, 974 (1979). 11. M. Ross, Nature 292, 435 (1981).

12. F. Ancilotto, G. L. Chiarotti, S. Scandolo, and E. Tosatti, Science 275, 1288 (1997).

13. J. D. Kress, S. Goedecker, A. Hoisie et al., J. Comput.

Aided Mater. Design 5, 295 (1998).

14. J. D. Kress, S. R. Bickham, L. A. Collins et al., Phys.

Rev. Lett. 83, 3896 (1999).

15. L. Spanu, D. Donadio, D. Hohl et al., Proc. Nat. Acad.

Sci. USA 108, 6843 (2011).

16. F. R. Krajewski and M. Parrinello, Phys. Rev. B 71, 233105 (2005).

17. M. Ceriotti, T. D. Kühne, and M. Parrinello, J. Chem.

Phys. 129, 024707 (2008); AIP Conf. Proc. 1148, 658 (2009); D. Richters, M. Ceriotti, and T. D. Kühne, Submitted (2012).

18. O. H. Nielsen and R. M. Martin, Phys. Rev. Lett. 50, 697 (1983).

19. A. P. Horsfield, P. D. Godwin, D. G. Pettifor, and A. P.

Sutton, Phys. Rev. B 54, 15773 (1996).

20. https://cmsportal.caspur.it/index.php/CMPTool.

Письма в ЖЭТФ том 97 вып. 3 – 4 2013

214 D. Richters, Th. D. Kühne

21. T. D. Kühne, M. Krack, F. R. Mohamed, and M. Parrinello, Phys. Rev. Lett. 98, 066401 (2007); T. D. Kühne, M. Krack, and M. Parrinello, J. Chem. Theory Comput. 5, 235 (2009).

22. P. L. Silvestrelli, A. Alavi, M. Parrinello, and D. Frenkel, Phys. Rev. Lett. 77, 3149 (1996); Phys. Rev. B 56, 3806 (1997).

23. B. Conrath, F. M. Flasar, R. Hanel et al., Science 246, 1454 (1989).

24. I. Tamblyn and S. A. Bonev, Phys. Rev. Lett. 104, 065702 (2010).

25. M. A. Morales, C. Pierleoni, E. Schwegler, and D. M.

Ceperley, Proc. Nat. Acad. Sci USA 107, 12799 (2010). 26. S. Scandolo, Proc. Nat. Acad. Sci USA 100, 3051 (2003). 27. S. Azadi and T. D. Kühne, JETP Lett. 95, 449 (2012).

28. N. F. Ness, M. H. Acuña, K. W. Behannon et al., Science 233, 85 (1986); N. F. Ness, M. H. Acuña, L. F. Burlaga et al., Science 246, 1473 (1989).

29. S. T. Weir, A. C. Mitchell, and W. J. Nellis, Phys. Rev.

Lett. 76, 1860 (1996).

30. W. J. Nellis, S. T. Weir, and A. C. Mitchell, Phys. Rev.

B 59, 3434 (1999).

31. J. W. Warwick, D. R. Evans, I. H. Romig et al., Science 233, 102 (1986); J. W. Warwick, D. R. Evans, G. R. Peltzer et al., Science 246, 1498 (1989).

32. R. Z. Khaliullin, H. Eshet, T. D. Kühne et al., Nature Mater. 10, 693 (2011); Phys. Rev. B 81, 100103(R) (2010).

33. L. M. Ghiringhelli, C. Valeriani, J. H. Los et al., Mol.

Phys. 106, 2011 (2008).

Письма в ЖЭТФ том 97 вып. 3 – 4 2013