Pis’ma v ZhETF, vol. 107, iss. 8, pp. 505 – 506 © 2018 April 25

Dimerization in honeycomb Na_2RuO_3 under pressure: a DFT study

D. D. Gazizova^{∗+1)}, A. V. Ushakov^+, S. V. Streltsov^{∗+}

∗Ural Federal University, 620002 Ekaterinburg, Russia

+Institute of Metal Physics, Russian Academy of Sciences, 620041 Ekaterinburg, Russia

Submitted 23 January 2018 Resubmitted 6 March 2018

DOI: 10.7868/S0370274X18080076

Compounds with the honeycomb lattice are under intensive study in last two decades, since many of them show intriguing and sometimes rather unexpected physical properties [1–15]. One of the examples is Li_2RuO_3. This is a layered material. In the low-temperature (LT) phase two out of six Ru–Ru bonds in a hexagon dimerize, which results in formation of the spin gap [16]. With increase of temperature Li_2RuO_3 exhibits an unusual phase transition at T_d ∼ 540 K, which was initially thought as a transition from a dimerized to uniform structure [17]. However, more careful study using X-ray pair distribution function analysis shows that dimers as rigid units survive even at T > T_d, while in the average this system can be described as undimerized, uniform (C2/m space group) [18, 19]. Surprisingly, similar compound Na_2RuO_3 order magnetically below T_N ∼ 30 K (AFM zigzag) without any sizeable structural distortions in honeycomb lattice [20, 21]. In high-temperature phase Na_2RuO_3 crystallizes in the same C2/m space group as Li_2RuO_3, but the volume of the unit cell in Na_2RuO_3 is ∼ 5 % larger. Thus, one might expect that under the pressure Na_2RuO_3 may start to dimerize and will exhibit all unusual properties as its sister compound Li_2RuO_3.

In the present work we study a possible formation of the dimerized crystal structure in Na_2RuO_3 under pressure using Vienna Ab-initio Simulation Package (VASP) [22, 23] in the generalized gradient approximation (GGA). Analysis of the electronic structure was performed within the TB-LMTO-ASA code, which is based on the linearized muffin-tin orbital method [24]. In order to create dimerized Na_2RuO_3 structure the LT Li_2RuO_3 structure with P 2_1/m space group was choosen.

The volume dependence of total energies, E, is presented in Fig. 1a. The uniform structure of Na_2RuO_3, which is experimentally observed at ambient pressure, does have the lowest total energy and this structure corresponds to the global minimum of E(V ) in the GGA.

1)e-mail: darya.05.02@mail.ru

Fig. 1. (Color online) (a) – Total energy dependence of Na2RuO3 of two structures (with and without structural Ru-Ru dimers) for different volumes. (b) – Pressure dependence on the volume for these two structures

However, the situation changes with decrease of the volume and the dimerized structure turns out to be the lowest in energy for V < 266 Å^3.

In order to estimate the critical pressure in Na_2RuO_3 we first interpolated E(V ) (to have a smooth function) and then recalculated the pressure dependence on volume as P = −∂E/∂V , which is shown in Fig. 1b. Applying external pressure to undimerized phase of Na_2RuO_3 we reduce volume of the unit cell down to critical value V_{undim}, when the total energies of uniform and dimerized phases are the same. This point defines a critical pressure for transition, P_c ∼ 3 GPa, see Fig. 1b. Further compression drives the system to the dimerized phase. Corresponding jump in the unit cell volume at the tran-

7 Письма в ЖЭТФ том 107 вып. 7 – 8 2018 505

506 D. D. Gazizova, A. V. Ushakov, S. V. Streltsov

sition is δV = V_{undim} − V_{dim} ∼ 10 Å^3. Similar transition in Li_2RuO_3 (but caused by temperature) gives δV ∼ 8 Å^3 [16].

Thus we found that one may expect a structural transition in Na_2RuO_3 at ∼ 3 GPa. One may expect that this transition will be accompanied by strong changes in the magnetic and electronic properties, related to the formation of the spin gap and strong bonding-antibonding splitting.

The authors would like to thank I. Mazin, R. Valenti, and D. Khomskii for numerous discussions of physical properties of 213 ruthenates. Present work was supported by the project of the Ural branch of RAS 18- 10-2-3, by the FASO through research program “spin” AAAA-A18-118020290104-2, by Russian ministry of education and science via contract 02.A03.21.0006 and by the Russian foundation for basic research (RFBR) via grant RFBR 16-02-00451.

Full text of the paper is published in JETP Letters journal. DOI: 10.1134/S0021364018080015

1. J. Xu, A. Assoud, N. Soheilnia, S. Derakhshan, H. L. Cuthbert, J. E. Greedan, M. H. Whangbo, and H. Kleinke, Inorg. Chem. 44, 5042 (2005).

2. Y. Miura, R. Hirai, Y. Kobayashi, and M. Sato, J. Phys.

Soc. Jpn. 75, 084707 (2006).

3. K. Morimoto, Y. Itoh, K. Yoshimura, M. Kato, and K. Hirota, J. Phys. Soc. Jpn. 75, 083709 (2006).

4. M. A. McGuire, J. Yan, P. Lampen-Kelley, A. F. May, V. R. Cooper, L. Lindsay, A. Puretzky, L. Liang, S. KC, E. Cakmak, S. Calder, and B. C. Sales, Phys. Rev. Mater. 1, 64001 (2017).

5. E. Lefrancois, M. Songvilay, J. Robert, G. Nataf, E. Jordan, L. Chaix, C. V. Colin, P. Lejay, A. Hadj-Azzem, R. Ballou, and V. Simonet, Phys. Rev. B 94, 214416 (2016).

6. A. K. Bera, S. M. Yusuf, A. Kumar, and C. Ritter, Phys.

Rev. B 95, 094424 (2017).

7. S. Lee, S. Choi, J. Kim, H. Sim, C. Won, S. Lee, S. A. Kim, N. Hur, and J. G. Park, J. Phys. Condens. Matter 24, 456004 (2012).

8. D. M. Korotin, V. V. Mazurenko, V. I. Anisimov, and S. V. Streltsov, Phys. Rev. B 91, 224405 (2015).

9. S. Streltsov, I. I. Mazin, and K. Foyevtsova, Phys. Rev.

B 92, 134408 (2015).

10. I. Zivkovic, K. Prsa, O. Zaharko, and H. Berger, J. Phys.

Condens. Matter 22, 56002 (2010).

11. A. Kitaev, Ann. Phys. (N.Y). 321, 2 (2006). 12. G. Jackeli and G. Khaliullin, Phys. Rev. Lett. 102, 17205 (2009).

13. A. Banerjee, C. A. Bridges, J.-Q. Yan, A. A. Aczel, L. Li, M. B. Stone, G. E. Granroth, M. D. Lumsden, Y. Yiu, J. Knolle, D. L. Kovrizhin, S. Bhattacharjee, R. Moessner, D. A. Tennant, D. G. Mandrus, and S. E. Nagler, Nature Materials 15, 733 (2016).

14. J. Zheng, K. Ran, T. Li, J. Wang, P. Wang, B. Liu, Z.-X. Liu, B. Normand, J. Wen, and W. Yu, Phys. Rev. Lett. 119, 227208 (2017).

15. A. Banerjee, J. Yan, J. Knolle, C. A. Bridges, M. B. Stone, M. D. Lumsden, D. G. Mandrus, D. A. Tennant, R. Moessner, and S. E. Nagler, Science 356, 1055 (2017).

16. Y. Miura, Y. Yasui, M. Sato, N. Igawa, and K. Kakurai, J. Phys. Soc. Jpn. 76, 033705 (2007).

17. Y. Miura, M. Sato, Y. Yamakawa, T. Habaguchi, and Y. Ono, J. Phys. Soc. Jpn. 78, 094706 (2009).

18. S. A. J. Kimber, I. I. Mazin, J. Shen, H. O. Jeschke, S. V. Streltsov, D. N. Argyriou, R. Valenti, and D. I. Khomskii, Phys. Rev. B 89, 081408 (2014).

19. J. Park, T.-Y. Tan, D. T. Adroja, A. Daoud-Aladine, S. Choi, D.-Y. Cho, S.-H. Lee, J. Kim, H. Sim, T. Morioka, H. Nojiri, V. V. Krishnamurthy, P. Manuel, M. R. Lees, S. V. Streltsov, D. I. Khomskii, and J.-G. Park, Sci. Rep. 6, 25238 (2016).

20. J. C. Wang, J. Terzic, T. F. Qi, F. Ye, S. J. Yuan, S. Aswartham, S. V. Streltsov, D. I. Khomskii, R. K. Kaul, and G. Cao, Phys. Rev. B 90, 161110(R) (2014).

21. V. V. Gapontsev, E. Z. Kurmaev, C. I. Sathish, S. Yun, J.-G. Park, and S. V. Streltsov, J. Phys. Condens. Matter 29, 405804 (2017).

22. G. Kresse and J. Hafner, Phys. Rev. B 47, 558 (1993). 23. G. Kresse and J. Furthmuller, Comput. Mater. Sci. 6, 15 (1996).

24. O. K. Andersen and O. Jepsen, Phys. Rev. Lett. 53, 2571 (1984).

Письма в ЖЭТФ том 107 вып. 7 – 8 2018