Pis’ma v ZhETF, vol. 106, iss. 11, pp. 702 – 703 © 2017 December 10

Structural transitions in elemental tin at ultra high pressures up to 230 GPa

A. G. Gavriliuk^{a,b,c}, I. A. Troyan^{a,b,c}, A. G. Ivanova^{a,b}, S. N. Aksenov^{a,b}, S. S. Starchikov^{a,b}, I. S. Lyubutin^{a1)}, W. Morgenroth^d, K. V. Glazyrin^e, M. Mezouar^f

aShubnikov Institute of Crystallography of FSRC “Crystallography and Photonics” RAS, 119333 Moscow, Russia

bInstitute for Nuclear Research, Russian Academy of Sciences, 108840 Troitsk, Russia

cREC “Functional NanomaterialsТТ, Immanuel Kant Baltic Federal University, 236041 Kaliningrad, Russia

dInstitut fur Geowissenschaften, Goethe-Universität, 60438 Frankfurt am Main, Germany

eDeutsches Elektronen-Synchrotron DESY, Photon Science, 22607 Hamburg, Germany

f European Synchrotron Radiation Facility, CS40220, F-38043 Grenoble Cedex 9, France

Submitted 31 October 2017

DOI: 10.7868/S0370274X17230084

The search for high-temperature superconductivity is one of the major challenges in condensed matter physics and solid-state chemistry. The poly-hydrides of metals, including Sn, are promising candidates for superconductors, which can be obtained at very high pressures of the megabar range. Structural studies of Snhydrides using X-ray diffraction (XRD) are valueless without careful investigations of the structure of pure tin as a reference. Moreover, the^{119}Sn Mössbauer isotope was recently used as a sensor of magnetic field in the search for superconductivity in H_2S compressed to 150 GPa [1]. Therefore, the scientific community addresses the investigation of the tin structure in the multi-megabar pressure region as a very important fundamental problem. There is a lot of literature related to theoretical and experimental studies of phase transitions and high-pressure structural modifications of elemental Sn [2–16]. In our study, the crystal structure of Sn was investigated by synchrotron XRD technique at high-pressures up to a maximal value of ∼ 230 GPa. This is the highest pressure achieved in XRD experiments with tin to date. We used tin foil samples enriched with^{119}Sn (95 %). High pressures were created in diamond anvil cells (DAC) using different pressure transmitting media (He, H_2, silicon oil PES-5, NaCl) at ambient temperature. Experiments were performed at beam-line ID27 of ESRF (Grenoble, France) [17] and at beam-line P02.2 of PETRA III at DESY (Homburg, Germany) [18]. Five runs of the XRD measurements were performed with different pressure media. In runs

1)e-mail: lyubutinig@mail.ru

reaching maximal pressures the DACs design similar to [19] were used.

The full set of the experimental XRD data was carefully analysed and we calculated phase composition and V −P equation of state (EOS) of Sn at room temperature in the pressure region of 76–230 GPa (Fig. 1).

Fig. 1. (Colour online) The room temperature EOS of Sn for the volume of the bcc and hcp phases at pressure increase in the range from 76 to 230 GPa calculated from the set of XRD measurements with various pressure transmitting media. The symbols are the experimental points. The lines show the fits using a modified 2^{nd} order Birch– Murnaghan equation of state. At pressures higher than the onset of the bcc-hcp transition the bcc and the hcp phases coexist. The difference in cell volumes between the bcc and the hcp phases at ∼ 168 GPa is about 1.0 %

702 Письма в ЖЭТФ том 106 вып. 11 – 12 2017

Structural transitions in elemental tin at ultra high pressures up to 230 GPa 703

We found pure bcc phase of Sn above 70 GPa in complete agreement with results observed previously [2, 3, 5]. Upon further compression, the onset of transition into the hcp phase at ∼ 160 GPa was observed. This is the first experimental acknowledgement up to date of the appearance of the hcp phase previously observed in [4]. Thus, our results confirm principal difference between static [4] and dynamic [14] compression on the phase diagram of Sn. At static compression, the bcc phase lost stability and transforms into a complicate mixture of bcc and hcp phases at pressures about 160 GPa, whereas at dynamic compression [14], the bcc phase is stable up to 1.2 TPa and there is no evidence of the hcp phase. In our experiments, the mixeture of the bcc-hcp states was observed at least up to 230 GPa, and it looks like this state could exist even up to higher pressures. In addition to the first observation of the hcp phase [4] in the pressure range of 157–194 GPa, we established that the range of pressures of the coexistence of the bcc-hcp phases increases up to ∼ 230 GPa. The influence of pressure and pressure medium on the hcpphase content was also revealed and documented.

It was evaluated that in the silicon oil pressure medium, the hcp fraction grows up to 90 % at 229 GPa, whereas in CaF_2 medium with a possible small amount of hydrogen it only grows to 30 % at 225 GPa. The lower content of the hcp-phase in the later case may be the result of the influence of small amount of hydrogen penetrating to the Sn sample. Most probably, the nucleation of a new phase occurs within the grain boundaries. The fraction of intergrain boundaries increases with pressure, thus increasing the volume of the Sn-hcp phase. Hydrogen penetrates most easily and deeper into the volume of metal along grain boundaries, and thus Snhydrides can be created. These interesting effects should be investigated in further studies.

We are grateful to Dr. Hanns-Peter Liermann for assistance at the P02.2 beamline of DESY (PETRA III, Hamburg, Germany). We thank Dr. V. Struzhkin for reading the manuscript and providing his comments and corrections. The work was performed under support of Russian Ministry of Science and Education contract # 14.616.21.0068. WM acknowledges BMBF project 05K13RF1. At preparation of sample mounts, the facilities of Center for Collective Use “Accelerator Center for neutron research of the structure of substance and nuclear medicine” of the INR RAS were used.

Full text of the paper is published in JETP Letters journal. DOI: 10.1134/S0021364017230011

1. I. A. Troyan, A. G. Gavriliuk, R. Rüffer, A. Chumakov, A. A. Mironovich, I. S. Lyubutin, D. Perekalin, A. Drozdov, and M. Eremets, Science 351, 1303 (2016).

2. S. Desgreniers, Y. K. Vohra, and A. L. Ruoff, Phys. Rev.

B 39, 10359 (1988).

3. A. Salamat, R. Briggs, P. Bouvier, S. Petitgirard, A. Dewaele, M. E. Cutler, F. Cor‘a, D. Daisenberger, G. Garbarino, and P. F. McMillan, Phys. Rev. B 88, 104104 (2013).

4. A. Salamat, G. Garbarino, A. Dewaele, P. Bouvier, S. Petitgirard, C. J. Pickard, P. F. McMillan, and M. Mezouar, Phys. Rev. B 2011, 140104(R) (2011).

5. Q.-M. Jing, Y.-H. Cao, Y. Zhang, Sh.-R. Li, Q.- Y. H. He, Sh.-G. Liu, L. Liu, Y. Bi, H.-Y. Geng, and Q. Wu, Chin. Phys. B 25, 120702 (2016).

6. B. H. Cheong and K. J. Chang, Phys. Rev. B 44, 4103 (1991).

7. N. E. Christensen and M. Methfessel, Phys. Rev. B 48, 5797 (1993).

8. A. Aguado, Phys. Rev. B 67, 212104 (2003). 9. Ch. Yu, J. Liu, H. Lu, and J. Chen, Sol. State Comm.

140, 538 (2006).

10. R. G. McQueen and S. P. Marsh, J. Appl. Phys. 31, 1253 (1960).

11. K. V. Khishchenko, J. Phys.: Conf. Series 121, 022025 (2008).

12. Y. Yao and D. D. Klug, Sol. State Comm. 151, 1899 (2011).

13. D. Mukherjee, K. D. Joshi, and S. C. Gupta, J. Phys.:

Conf. Series 215, 012106 (2010).

14. A. Lazicki, J. R. Rygg, F. Coppari, R. Smith, D. Fratanduono, R. G. Kraus, G. W. Collins, R. Briggs, D. G. Braun, D. C. Swift, and J. H. Eggert, Phys. Rev. B 115, 075502 (2015).

15. J. D. Barnett, V. E. Bean, and H. T. Hall, J. Appl. Phys.

37, 875 (1966).

16. H. Olijnyk, Phys. Rev. B 46, 6589 (1992). 17. M. Mezouar, W. A. Crichton, S. Bauchau, F. Thurel, H. Witsch, F. Torrecillas, G. Blattmann, P. Marion, Y. Dabin, J. Chavanne, O. Hignette, C. Morawe, and C. Borel, J. Synchrotron Rad. 12, 659 (2005) .

18. H.-P. Liermann, W. Morgenroth, A. Ehnes, A. Berghauser, B. Winkler, H. Franz, and E. Weckert, J. Phys. Conf. Ser. 215, 012029 (2010).

19. A. G. Gavriliuk, A. A. Mironovich, and V. V. Struzhkin, Rev. Sci. Instrum. 80, 043906 (2009).

Письма в ЖЭТФ том 106 вып. 11 – 12 2017