Chloride anion on aqueous clusters, at the air-water interface, and in liquid water: Solvent effects on Cl^− polarizability

Pavel Jungwirth^{a,b ∗} and Douglas J. Tobias^c a) J. Heyrovský Institute of Physical Chemistry, Academy of Sciences of the Czech Republic and Center for Complex Molecular Systems and Biomolecules Dolejškova 3, 18223 Prague 8, Czech Republic b) Department of Chemistry, University of Southern California Los Angeles, CA 90089-0482, USA c) Department of Chemistry and Institute for Surface and Interface Science, University of California, Irvine, CA 92697-2025, USA

Abstract

The effect of asymmetric aqueous solvation on the polarizability of the chloride anion is investigated by accurate ab initio calculations on structures obtained from classical molecular dynamics and Car-Parrinello molecular dynamics simulations. It is shown that water environment significantly reduces the halide polarizability, on clusters, at interfaces, and in the bulk. In the relatively rigid cluster environment, the amount of this reduction strongly depends on the particular geometry of the complex, while in more disordered, extended liquid systems the geometric effect is much weaker. Therefore, a single effective value around 4 Å^3 may be employed for the chloride anion polarizability in aqueous environments.

∗Author to whom correspondence should be addressed. Electronic mail: jungwirt@jh-inst.cas.cz.

I. INTRODUCTION

The behavior of halogen anions in various aqueous environments, such as small and large clusters [1-9], air-water interfaces [10-12], and bulk solutions [13-16], has attracted considerable attention recently. Many of these studies have been aimed at understanding, at a detailed molecular level, the process of salt solvation not only at infinite dilution in the bulk [13], but also at higher solute concentrations [14-16] and in finite size systems, where surface effects play an important role [11-12,17-19]. Interestingly, these basic physical chemistry questions are also of direct relevance to atmospheric research. Indeed, it has been discovered recently that airborne aqueous sea-salt aerosols serve as a global source of molecular chlorine and bromine, both in the polluted and in the remote lower marine troposphere [11,20-21].

One of the most exciting and somehow counterintuitive results of recent studies of halogen anions in aqueous systems with a large surface to bulk ratio is that, except for fluoride, all heavier halogen anions can be found at the air-water interface. In large water clusters, this effect is dramatic, and both simulations [7,17] and photoelectron experiments [1] show, that the heavier halogen anion resides solely at the surface. However, even for extended systems possessing an air-water interfaces, molecular dynamics (MD) simulations of aqueous slabs with solvated salts predict the presence of heavier halogen anions at the surface [11-12], which is supported by most recent scanning electron microscopy (SEM) experiments on bromide doped NaCl crystals exposed to water vapor [22]. These observations are in striking contrast to the behavior of the alkali cations, which are strongly repelled from the aqueous surface [11-12,17], in accord with classical theories of electrolytes [23].

A detailed analysis of the MD simulations reveals that the most important factor that makes it possible for the heavier halogen anions to reside at the surface is the large value of the anion polarizability [11,17]. This has been qualitatively rationalized in terms of an additional energy gain due to an induced shift of the polarizable electron cloud of the anion in the asymmetric electric field created by the sum of water dipoles at the interface

[24]. Further evidence of the major role of polarizability in stabilizing large ”soft” ions at the surface stems from preliminary simulations of a mixed NaCl/NaBr doped aqueous slab showing an enhanced concentration of bromide with respect to chloride at the interface [25], in perfect agreement with the SEM experiment [22]. Understandably, the non-polarizable sodium cations or fluoride anions cannot achieve this extra stabilization at the interface and are, therefore, repelled from the interface by the electrostatic image force [11-12,17,23].

In the view of the prominent role of polarizabilities of halogen anions for the properties of the surfaces of aqueous salt solutions, and given the importance of the air-water interface for the atmospheric reactivity of sea-salt aerosols with gaseous pollutants [11], it is crucial that the corresponding MD simulations account for the the effect of polarizability as accurately as possible. Indeed, calculations employing a non-polarizable force field did not show any or only very minor presence of heavier halogens at the surface, and a significant anionic surface concentration builds up only upon inclusion of polarizabilities into the model [11,17,26].

In this respect, it is very satisfactory that qualitative predictions of polarizable force field MD simulations for chloride on small water clusters have been verified by recent Car- Parrinello ab initio MD calculations [9]. However, for accurate quantitative predictions it is important to employ appropriate values of halogen ion polarizabilities in the force fields. This is a rather subtle and difficult issue for several reasons. First, strictly speaking, polarizability is an overall and generally non-additive property of the whole system. Luckily, however, for non-covalently interacting particles, the total polarizability can be to a very good approximation separated into molecular (and ionic in the present case) contributions [27]. Second, it is a well known fact that halogen anion polarizabilities in solutions or in ionic crystals are significantly reduced with respect to the corresponding gas phase values [28-29]. Unfortunately, there are no direct measurements of halogen ion polarizabilities in aqueous solutions, and the available data are extrapolations from ionic crystals and salt solutions [28-29]. On the other hand, very accurate ab initio calculations have been performed for halogen anions in the gas phase [30] and an attempt to account for the effect of a bulk solvent has been undertaken recently [31].

The principal aim of the present paper is to investigate computationally the effect of aqueous environment, ranging from clusters to the interface and bulk of a solution, on the polarizability of the chloride anion, with special emphasis on the difference between interior and surface solvation. To achieve this goal, we employ a combined approach based on accurate ab initio quantum chemical calculations on structures obtained from classical and Car-Parinello MD simulations. The main issue to address is the transferability of halogen ion polarizability between different aqueous environments and estimation of its optimal value for simulations in extended system.

II. COMPUTATIONAL METHODS

In the first step of our computational approach, we have established the least numerically demanding ab initio scheme that gives a converged value of the gas phase polarizability of the chloride anion of 5.5 Å^3, which is is the MP2/t-aug-cc-pvtz method [32]. We stress, that while it is sufficient to truncate the perturbative treatment of correlation effects at the second order, it is crucial to employ an extended set of diffuse functions in order to converge the value of the chloride polarizability.

In the next step, we have generated, using the above mentioned method, and employing the standard 6-31^{++}G^∗ basis set for water, optimized geometries for clusters containing a chloride anion and three or six water molecules. For the Cl^−(H_2O)_3 cluster we have reached the global minimum with all three waters on one side of the anion (see Fig. 1a), while for the Cl^−(H_2O)_6 complex we have located both the global minimum, corresponding to a surface anion (see Fig. 1b) and waters in the 4+2 arrangement [8], and a low-lying stationary point of C_{3v} symmetry, representing an embedded structure with three waters on each side of the chloride anion (see Fig. 1c). Additionally, for the system with six waters, we have also employed geometries corresponding to five snapshots from our previous Car-Parrinello MD simulation [9], separated by a time interval of 1 ps from each other.

Next we generated, using Car-Parrinello MD of Cl^− with 48 water molecules and employing periodic boundary conditions, a set of geometries corresponding to a liquid bulk situation. For ab initio evaluation of polarizabilities we extracted successive structures separated by 0.2 ps. Finally, we have simulated the effect of the air-water interface using a classical MD simulation with a polarizable force field. More precisely, we initially placed the chloride anion at the surface of a water slab and followed its trajectory toward the bulk. For ab initio analysis successive structures separated by 10 ps were stored.

For evaluating Cl^− polarizabilities in the cluster, bulk, and slab environments, we have replaced the oxygen and hydrogen atoms of the water molecules by point charges of -0.82 e and +0.41 e, respectively. These are the charges used in the popular SPCE water model [33] The replacement of explicit water molecules by point charges leads to a computationally simple and efficient ab initio scheme of evaluation of solute polarizability in a solvent of an arbitrary size and geometry. For the clusters under investigation, we have verified that this approach is accurate in the sense that it reproduces the respective values of Cl^− ionization potentials following from all atom calculations (see the next section). In addition to placing point charges at the positions of the nuclei, for the cluster and bulk solution configurations generated in the Car-Parrinello molecular dynamics (CPMD) simulations, we have employed more realistic water charge distributions by using the centers of two electron localized orbitals for the valence electrons. Specifically, we used the maximally localized Wannier functions, which are appropriate for electronic structure calculations employing periodic boundary conditions and plane wave basis sets [34-35]. The Wannier charge model for water is defined by a +6 e charge at the oxygen nucleus, +1 e charges at the hydrogen nuclei, and -2 e at each of the four Wannier function centers corresopnding to the two bonding and two lone pairs [36]. A snapshot from the CPMD simulation of the Cl^−(H_2O)_6, including the Wannier function centers, is shown in Fig. 1d.

All of the ab initio calculations were performed using the Gaussian98 program [37]. The 500 ps constant temperature classical MD simulation was carried out using the Amber6 program package [38]. The system contained 556 polarizable water molecules and a single polarizable chloride anion, replicated in three dimensions by periodic boundary conditions, with one of the box lengths extended to 100 Å to generate two open interfaces. We used the same polarizable force-field as in our previous studies [11-12], and treated the electrostatic interactions using the smooth particle mesh Ewald sum [39]. The Car-Parrinello ab initio MD simulations were performed using the CPMD program [40]. The electronic structure was computed using density functional theory and the generalized gradient approximation, treating only the valence electrons explicitly, with pseudopotentials and a plane wave basis set, as described in [9]. Our previous CPMD simulation of Cl^−(H_2O)_6 at 250 K employed cluster boundary conditions [41]. The present CPMD simulation of the bulk solution at 300 K contained one chloride anion and 48 water molecules in a cubic box of length 12 Å, replicated using three dimensional periodic boundary conditions.

III. RESULTS AND DISCUSSION

Results of the present MP2 calculations for chloride-water clusters with three and six water molecules (for geometries see Fig. 1) are summarized together with the values for the bare anion in Table 1. We present here only the mean value of the chloride polarizability, since in all aqueous environments under study its asymmetry has been smaller than 10 %. This is rather important in the connection with MD simulations, since polarizable force fields employ a single scalar value for the atomic (ionic) polarizability. In addition, we also show in Table 1 values of vertical ionization potentials (IP), calculated as the energy difference between the anionic system and the lowest state of the corresponding neutral system at the geometry of the anion/water system. For all of the clusters in Table I, we present IPs calculated both with explicit water molecules and with all water atoms replaced by fractional point charges.

First, we note that our calculation for the bare anion presented in Table I reproduces both the converged value of 5.5 Å^3 of the chloride polarizability [30] and its vertical IP (the experimental value being 3.61 eV). Second, we see that, for the cluster systems, replacing explicit water molecules by point charges practically does not change the value of the corresponding IP. This justifies the present procedure for calculating chloride polarizability in various aqueous environments, which is straightforward and much simpler than schemes treating waters explicitely [31], and, for asymmetric solvation, might be the only practical possibility. An important conclusion emerging from Table I is that already small water clusters reduce the gas phase polarizability of chloride anion significantly, this effect being strongly isomer dependent. Indeed, for surface isomers with three or six waters the value of Cl^− polarizability is reduced by some 20 %, while for the embedded isomer of Cl^−(H_2O)_6 this reduction reaches 34 %.

In order to estimate the effect of thermal fluctuations in the cluster systems, we have evaluated the polarizability and the vertical IP of Cl^− in the Cl^−(H_2O)_6 complex, employing five snapshots separated by 1 ps from our previous Car-Parrinello ab initio molecular dynamics simulation [9] at 250 K. The results, summarized in Table II, indicate several interesting trends. All the structures from the Car-Parrinello simulation at ambient temperature correspond to a surface location of the chloride anion, albeit the exact geometry can be quite different from the optimal structure discussed above [9]. Nevertheless, the corresponding polarizabilities and IPs are close to those of the optimal structure, with fluctuations of about 5 % (see Table II). In other words, for the cluster under study, the temperature effect is rather small. Another fact worth mentioning is the inverse correlation between the chloride polarizability in a particular geometry and its vertical IP. Qualitatively, the more the anion is bound due to the presence of suitably oriented surrounding water molecules, the more compressed and, hence, less polarizable, its electron cloud becomes.

Investigations of the chloride polarizability in an extended aqueous liquid environment have been based on geometries generated by Car-Parrinello and classical MD simulations. Results for five snapshots of a CP run separated by 0.2 ps are presented in Table II for ab initio calculations using either the standard SPCE water charges or charges obtained from the Wannier centers of the localized CP wavefunction. Although the duration of the simulation is relatively short, we see significant fluctuations in both observables under investigation. The chloride polarizability oscillates around 4.1 Å^3 for the SPCE charges, while the use of Wannier charges reduces this value by about 0.3 Å^3. The mean IP value is 7.1 eV for the former and to 8.0 eV for the latter charge model, which is slightly below the experimental value of 8.77 eV.

Finally, we have evaluated the Cl^− polarizabilities and vertical IPs along a classical MD trajectory for an aqueous slab of a thickness of approximately 26 Å. Initially, we have placed the chloride anion at the air-water interface and we have followed the subsequent 500 ps dynamics at ambient temperature. Fig. 2a depicts the distance of the chloride anion from the center of the slab as a function of time. It can be seen that, during this particular trajectory, Cl^− initially remains more or less at the surface, while at 290 ps it ’dives’ into the bulk. Thus, by ab initio evaluation Cl^− polarizabilities and IPs along the trajectory we can explore the influence of the position of the chloride anion in the slab on these properties.

Fig. 2b depicts the Cl^− polarizabilities and Fig. 2c vertical IPs for 50 subsequent MD geometries displaced from each other by 10 ps. We see that both observables exhibit relatively large fluctuations around mean values of 4.1 Å^3 for the polarizability and 8.2 eV for the vertical IP. Note that the calculated IP is in satisfactory agreement with the experimental value of 8.77 eV, indicating both that the ab initio method employed is adequate and that the point charges account for most of the aqueous stabilization of the chloride anion. Interestingly, there is only a weak correlation between the position of the anion in the slab (surface vs. interior) and the corresponding polarizability or IP. This is different from the situation in small clusters, where surface structures have a significantly larger polarizability than the interior geometries, and this lack of strong correlation is clearly due to the liquid disorder at separations smaller than the mean screening distance of Coulomb interactions. However, upon closer inspection one still discovers a negative correlation between the value of the Cl^− polarizability and the IP, as in the cluster systems, showing again that these are two mutually coupled electronic properties of the solute. The present results indicate that the use of a single value of anion polarizability for MD simulations is justified, although one should realize that the chloride anion polarizability can fluctuate by as much as 10%. We note that the present mean value around 4 Å^3 (which represents a reduction of 30% compared to the gas phase) is slightly larger than values between 3.25 and 3.76 Å^3, appearing in the current literature [7,11-13].

In our previous MD studies, we have shown that the somewhat surprising appearance of chloride anions at the air-water interface is primarily due to the large value of the Cl^− polarizability [11,12]. From this perspective, it is encouraging that the actual value of the aqueous chloride anion polarizability is most likely slightly larger than the value we have employed in our earlier studies. Therefore, in reality the propensity of the chloride anion for the interface of an aqueous solution is likely to be even stronger than predicted previously [11,12].

IV. CONCLUSIONS

With the use of accurate ab initio calculations based on geometries obtained from classical or Car-Parrinello MD simulations, we have shown in this Letter that aqueous environment significantly reduces the polarizability of the chloride anion. In clusters, this effect is more pronounced for interior than for surface ionic solvation. In the extended liquid, the difference between chloride polarizabilities in the bulk and at the air-water interface is less pronounced, and a single value around 4 Å^3 can be employed.

ACKNOWLEDGMENTS

We thank Jim Lisy and Steve Bradforth for valuable discussions. Support from the Department of Energy and from the Czech Ministry of Education (grant No. LN00A032) to P. J., and the National Science Foundation (grant MCB-0078278) to D. J. T. is gratefully acknowledged. P. J. is a recipient of a NATO Science Senior Fellowship.

REFERENCES

[1] G. Markovich, S. Pollack, R. Giniger, and O. Cheshnovsky, J. Chem. Phys. 101 (1994) 9344.

[2] P. Ayotte, S. B. Nielsen, G. H. Weddle, M. A. Johnson, and S. S. Xantheas, J. Phys.

Chem. A 103 (1999) 10665.

[3] J. H. Choi, K. T. Kuwata, Y.-B. Cao, and M. Okomura, J. Phys. Chem. A 102 (1998) 503.

[4] L. Lehr, M. T. Zanni, C. Frischkorn, R. Weinkauf, and D. M. Neumark, Science 284 (1999) 635.

[5] C. Bassmann, U. Boesl, D. Yang, G. Drechsler, and E. W. Schlag, Int. J. Mass Spectrom.

Ion Processes 159 (1996) 153.

[6] H. E. Dorset, R. O. Watts, and S. S. Xantheas, J. Phys. Chem. A 103 (1999) 3351. [7] I.-C. Yeh, L. Perera, and M. L. Berkowitz, Chem. Phys. Lett. 264 (1997) 31. [8] R. W. Gora, S. Roszak, and J. Leszczynski, Chem. Phys. Lett. 325 (2000) 7. [9] D. J. Tobias, P. Jungwirth, and M. Parrinello, J. Chem. Phys. 114 (2001) 7036. [10] S. J. Stuart and B. J. Berne, J. Phys. Chem. A 103 (1999) 10300. [11] E. M. Knipping, M. J. Lakin, K. L. Foster, P. Jungwirth, D. J. Tobias, R. B. Gerber, D. Dabdub, and B. J. Finlayson-Pitts, Science 288 (2000) 301.

[12] P. Jungwirth and D. J. Tobias, J. Phys. Chem. B 104 (2000) 7702. [13] D. E. Smith and L. X. Dang, J. Chem. Phys. 100 (1994) 3757. [14] A. P. Lyubatsev and A. Laaksonen, J. Phys. Chem. 100 (1996) 16140. [15] L. Degreve and F. L. B. da Silva, J. Chem. Phys. 110 (1999) 3070.

[16] L. Degreve and F. L. B. da Silva, J. Chem. Phys. 111 (1999) 5150. [17] L. Perera and M. L. Berkowitz, J. Chem. Phys. 95 (1991) 1954. [18] C. P. Petersen and M. S. Gordon, J. Phys. Chem. A 103 (1999) 4162. [19] P. Jungwirth, J. Phys. Chem. A 104 (2000) 145.

[20] C. W. Spicer, E. G. Chapman, B. J. Finlayson-Pitts, R. A. Plastridge, J. M. Hubbe, J.

D. Fast, and C. M. Berkowitz, Nature 394 (1998) 353.

[21] K. L. Foster, R. A. Plastridge, J. W. Bottenheim, P. B. Shepson, B. J. Finlayson-Pitts, and C. W. Spicer, Science 291 (2001) 471.

[22] S. Ghosal, A. Shbeeb, and J. C. Hemminger, Geophys. Res. Lett. 27 (2000) 1879. [23] L. Onsager and N. N. T. Samaras, J. Chem. Phys. 2 (1934) 528. [24] S. Brdarski, PhD. thesis, Lund University, Lund, 1999. [25] P. Jungwirth, in preparation.

[26] M. A. Wilson and A. Pohorille, J. Chem. Phys. 95 (1991) 6005.

[27] J. O. Hirschfelder, C. F. Curtis, R. B. Bird, Molecular Theory of Gases and Liquids, J.

Wiley & sons, New York, 1964.

[28] H. Coker, J. Phys. Chem. 80 (1976) 2078.

[29] N. C. Pyper, C. G. Pike, and P. P. Edwards, Mol. Phys. 76 (1992) 353. [30] C. Hattig and B. A. Hess, J. Chem. Phys. 108 (1998) 3863. [31] A. Morita and S. Kato, J. Chem. Phys. 110 (1999) 11987. [32] D. E. Woon and T. H. Dunning, Jr., J. Chem. Phys. 100 (1994) 2975. [33] H. J. C. Berendsen, J. R. Grigera and T. P. Straatsma, J. Phys. Chem. 91 (1987) 6269.

[34] P. L. Silvestrelli, N. Marzari, D. Vanderbilt and M. Parrinello, Solid State Commun.

107 (1998) 7.

[35] G. Berghold, C. J. Mundy, A. H. Romero, J. Hutter and M. Parrinello, Phys. Rev. B 61 (2000) 10040.

[36] P. L. Silvestrelli and M. Parrinello, J. Chem. Phys. 111 (1999) 3572. [37] Gaussian98; M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J.

R. Cheeseman, V. G. Zakrzewski, J. A. Montgomery, R. E. Stratmann, J. C. Burant, S. Dapprich, J. M. Millam, A. D. Daniels, K. N. Kudin, M. C Strain, O. Farkas, J. Tomasi, V. Barone, M. Cossi, R. Cammi, B. Mennucci, C. Pomelli, C. Adamo, S. Clifford, J. Ochterski, G. A. Petersson, P. Y. Ayala, Q. Cui, K. Morokuma, D. K. Malick, A. D. Rabuck, K. Raghavachari, J. B. Foresman, J. Cioslowski, J. V. Ortiz, B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaromi, R. Gomperts, R. L. Martin, D. J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng, A. Nanayakkara, C. Gonzales, M. Challacombe, P. M. W. Gill, B. G. Johnson, W. Chen, M. W. Wong, J. L. Andres, M. Head-Gordon, E. S. Replogle and J. A. Pople, Gaussian Inc.: Pittsburgh, PA, 1998.

[38] D. A. Case, D. A. Pearlman, J. W. Caldwell, T. E. Cheatham, III, W. S. Ross, C. L.

Simmerling, T. A. Darden, K. M. Mertz, R. V. Stanton, A. L. Cheng, J. J. Vincent, M. Crowley, V. Tsui, R. J. Radmer, Y. Duan, J. Pitera, I. Massova, G. L. Seibel, U. C. Singh, P. Weiner, and P. A. Kollman, Amber6 (University of California, San Francisco, 1999).

[39] U. Essmann, L. Perera, M. L. Berkowitz, T. Darden and L. G. Pedersen, J. Chem. Phys.

103 (1995) 8577.

[40] J. Hutter, P. Ballone, M. Bernasconi, P. Focher, E. Fois, S. Goedecker, M. Parrinello, and M. Tuckerman, CPDM, Version 3.0 (MPI für Festkörperforschung, Stuttgart, 1997).

[41] G. J. Martyna and M. E. Tuckerman, J. Chem. Phys. 110 (1999) 2810.

FIGURE CAPTIONS

Figure 1:

Geometries of the clusters under investigation. (a) Optimal geometry of Cl^−(H_2O)_3, (b) surface isomer of Cl^−(H_2O)_6, (c) embedded isomer of Cl^−(H_2O)_6, and (d) a snapshot of the Cl^−(H_2O)_6 cluster from a CP simulation (small spheres represent the positions of the Wannier charges).

Figure 2:

Correlation between the position of the chloride anion in the aqueous slab (a) with its polarizability (b) and vertical ionization potential (c). Dashed line in (b) and (c) represents a linear fit to the data.

TABLES TABLE I. Polarizability (in Å^3) and vertical ionization potential (in eV) of bare Cl^− and chloride on/in water clusters with waters treated as point charges or explicitly. System Polarizability Ionization Potential Cl^− 5.49 3.64 Cl^−(H_2O)_3(point charges) 4.54 5.65 Cl^−(H_2O)_3 (explicit waters) — 5.34 Cl^−(H_2O)_6 (point charges, surface isomer) 4.30 6.39 Cl^−(H_2O)_6 (explicit waters, surface isomer) — 6.33 Cl^−(H_2O)_6 (point charges, embedded isomer) 3.63 6.64 Cl^−(H_2O)_6 (explicit waters, embedded isomer) — 6.65

TABLE II. Polarizability (in Å^3) and vertical ionization potential (in eV) of Cl^− on water hexamer for five snapshots separated by 1 ps taken from a Car-Parrinello MD run. Time (ps) Charge Model Polarizability Ionization Potential 1 SPCE 4.29 6.27 1 Wannier 3.95 7.19 2 SPCE 4.31 6.22 2 Wannier 3.98 7.17 3 SPCE 4.48 5.97 3 Wannier 4.22 6.80 4 SPCE 4.33 6.61 4 Wannier 3.98 7.38 5 SPCE 4.52 6.09 5 Wannier 4.29 7.01

TABLE III. Polarizability (in Å^3) and vertical ionization potential (in eV) of Cl^− in liquid water for five snapshots separated by 0.2 ps taken from a Car-Parrinello MD run. Time (ps) Charge Model Polarizability Ionization Potential 0.3 SPCE 4.07 7.02 0.3 Wannier 3.72 7.87 0.5 SPCE 4.15 7.18 0.5 Wannier 3.89 8.03 0.7 SPCE 4.22 7.84 0.7 Wannier 4.01 8.85 0.9 SPCE 4.12 6.93 0.9 Wannier 3.80 7.98 1.1 SPCE 4.26 6.51 1.1 Wannier 3.96 7.30

Figure 1, Jungwirth and Tobias

Figure 2a, Jungwirth and Tobias

Figure 2b, Jungwirth and Tobias

Figure 2c, Jungwirth and Tobias