Pis’ma v ZhETF, vol. 116, iss. 4, pp. 251 – 252 © 2022 August 25

Non-Newtonian rheology in twist-bend nematic liquid crystals

E. I. Kats^{1)}

Landau Institute for Theoretical Physics, Russian Academy of Sciences, 142432 Chernogolovka, Russia

Submitted 5 July 2022 Resubmitted 5 July 2022

Accepted 7 July 2022

DOI: 10.31857/S1234567822160108, EDN: jhxqbt

A number of exciting and relatively recent publications (about ten years ago, compared to more than 100 years of the discovery of the classical liquid crystals) report on a discovery of a new type of equilibrium liquid crystals, termed twist-bend nematics, N_{T B} (see the papers [1–6]). The discovery of N_{T B} nematics opened “Pandora box” with new kinds of modulated liquid crystals (see very influential pioneering works and a few review papers [17–19]). Naturally (as it was the case in great geographical discoveries of 15-th – 17-th centuries) after the first step devoted mainly to observations and structural identifications of new liquid crystals, the interest moves to investigations and exploring of physical properties of these new phases. Since then the N_{T B} , and other modulated nematics is becoming one of the hottest topics in physics of liquid crystals.

Our paper is motivated by two very recent works [20, 21] on rheological studies of the N_{T B} liquid crystals. The authors of these papers found nontrivial non- Newtonian behavior of sheared N_{T B} nematics. At relatively low shear rate (γ̇ ≤ γ̇_{c1}) the stress tensor σ created by this shear strain, scales as σ ∝ γ̇^{1/2}. Thus the effective viscosity decreases with the shear rate (η ∝ γ̇^{−1/2}) manifesting so-called shear-thinning phenomenon. At intermediate shear rate γ̇_{c1} ≤ γ̇ ≤ γ̇_{c2}, σ is almost independent of γ̇ (a sort of plateau), and at large shear rate (γ̇ ≥ γ̇_{c2}, σ ∝ γ̇), and it looks like Newtonian rheology. The critical values of the shear rate (γ̇_{c1} , γ̇_{c2}) indicating transitions between dynamical regimes depend on temperature. Above certain temperature T^∗ (below N − N_{T B} phase transition point T_c, where N stands for conventional nematic state) the behavior becomes pure Newtonian. The aim of this paper is to present theoretical rationalization for the observed in these works [20, 21] results. In what follows we integrate the input from recent works and discussions, however my own contribution to this field will be also presented.

1)e-mail: efim.i.kats@gmail.com

The main feature which distinguishes the standard nematic N and the twist-bend nematic N_{T B} liquid crystals is a short wavelength modulation of the orientation order ϕ presented in the N_{T B} phase. This two component vector ϕ, orthogonal to the nematic director n (ϕ · n = 0) can be chosen as the order parameter describing N – N_{T B} phase transition. With this vector order parameter in hands one can write the Landau free energy functional.

Recent progress in rheology of the N_{T B} liquid crystals has led to a number of new and exciting experimental results [20, 21]. In the paper we propose a simple heuristic approach to rationalize these new experimental data. The key starting point of our approach is based on a simple observation that the anisotropic viscous properties of the liquid crystals introduce a host of novel phenomena in rheology. We find that at relatively low shear rate (γ̇ ≤ γ̇_{c1}) the stress tensor σ created by this shear strain, scales as σ ∝ γ̇^{1/2}. Thus the effective viscosity decreases with the shear rate (η ∝ γ̇^{−1/2}) manifesting so-called shear-thinning phenomenon. At intermediate shear rate γ̇_{c1} ≤ γ̇ ≤ γ̇_{c2}, σ is almost independent of γ̇ (a sort of plateau), and at large shear rate (γ̇ ≥ γ̇_{c2}), σ ∝ γ̇, and it looks like Newtonian rheology. Within our theory the critical values of the shear rate scales as γ̇_{c1} ∝ (η̃^0_2 /η̃^0_3 )^2, and γ̇_{c2} ∝ (η̃^0_2 /η̃^0_3 )^4 respectively. Here η̃^0_2 and η̃^0_3 are bare coarse grained shear viscosity coefficients of the effective smectics equivalent to the N_{T B} phase at large scales. Our mainly qualitative theory may not have the right numbers for the dynamic shear rate thresholds. However theory predicts the right scaling laws observed in the experiments. Our consideration suggests that the described phenomena and mechanisms can bring about different rheological scenarios worthy of further studies. In this work we have only scratched the surface of this reach subject, focusing only on the most simple questions, which can be answered by calculations “on a back of the envelope”.

All obtained results of this work and short discussions of the cited articles (see [1–44]) can be found in the full version of this paper.

Письма в ЖЭТФ том 116 вып. 3 – 4 2022 251

252 E. I. Kats

This is an excerpt of the article “Non-Newtonian rheology in twist-bend nematic liquid crystals”. Full text of the paper is published in JETP Letters journal. DOI: 10.1134/S0021364022601397

1. L. E. Hough, M. Spannuth, M. Nakata, D. A. Coleman, C. D. Jones, G. Dantlgraber, C. Tschiekerske, J. Watanabe, E. Korblova, D. M. Walba, J. E. Maclennan, M. A. Glaser, and N. A. Clark, Science 325, 452 (2009).

2. V. P. Panov, M. Nagaraj, J. K. Vij, Yu. P. Panarin, A. Kohlmeier, M. G. Tamba, R. A. Lewis, and G. H. Mehl, Phys. Rev. Lett. 105, 167801 (2010).

3. M. Cestari, S. Diez-Berart, D. A. Dunmur, A. Ferrarini, M. R. de la Fuente, D. J. B. Jackson, D. O. Lopez, G. R. Luckhurst, M. A. Perez-Jubidino, R. M. Richardson, J. Salud, B. A. Timimi, and H. Zimmermann, Phys. Rev. E 84, 031704 (2011).

4. V. Borshch, Y. K. Kim, J. Xiang, M. Gao, A. Jakli, V. P. Panov, J. K. Vij, C. T. Imrie, M. G. Tamba, G. H. Mehl, and O. D. Lavrentovich, Nat. Commun. 4, 2635 (2013).

5. R. J. Mandle, E. J. Davis, S. A. Lobato, C.-C. A. Vol, S. J. Cowling, and J. W. Goodby, Phys. Chem. Chem. Phys. 16, 6907 (2014).

6. E. T. Samulski, A. G. Vanakaras, and D. J. Photinos, arXiv: 2009.11399 (2020).

7. S. Kaur, J. Addis, C. Greco, A. Ferrarini, V. Gortz, J. W. Goodby, and H. F. Gleeson, Phys. Rev. E 86, 041703 (2012).

8. K. Adlem, M. Copic, G. R. Luckhurst, A. Mertelj, O. Parri, R. M. Richardson, B. D. Snow, B. A. Timimi, R. P. Tuffin, and D. Wilkes, Phys. Rev. E 88, 022503 (2013).

9. C. Meyer, G. R. Lukhurst, and I. Dozov, Phys. Rev.

Lett. 111, 067801 (2013).

10. S. M. Shamid, S. Dhakal, and J. V. Selinger, Phys. Rev.

E 87, 052503 (2013).

11. N. Vanpotic, M. Cepic, M. A. Osipov, and E. Gorecka, Phys. Rev. E 89, 030501(R) (2014).

12. E. G. Virga, Phys. Rev. E 89, 052502 (2014). 13. A. Mertelj, L. Cmok, N. Sebastian, R. J. Mandle, R. R. Parker, A. C. Whitwood, J. W. Goodby, and M. Copic, Phys. Rev. X 8, 041025 (2018).

14. M. Chiappini, T. Drwenski, R. van Roij, and M. Dijkstra, Phys. Rev. Lett. 123, 068001 (2019).

15. P. L. M. Connor and R. J. Mandle, Soft Matter 16, 324 (2020).

16. I. Dozov and G. R. Luckhurst, Liquid Cryst. 47, 2098 (2020).

17. X. Chen, E. Korblova, D. Dong, X. Wei, R. Shao, L. Radzihovsky, M. Glaser, J. E. Maclennan, D. Bedrov, D. M. Walba, and N. A. Clark, Proc. Natl. Acad. Sci. U.S.A. 117, 14021 (2020).

18. O. D. Lavrentovich, Proc. Natl. Acad. Sci. U.S.A. 117, 14629 (2020).

19. N. Sebastian, L. Cmok, R. J. Mandle, M. R. de la Fuente, I. D. Olenik, M. Copic, and A. Mertelj, Phys. Rev. Lett. 124, 037801 (2020).

20. M. P. Kumar, P. Kula, and S. Dhara, Phys. Rev. Materials 4, 115601 (2020).

21. M. P. Kumar, J. Karcz, P. Kula, and S. Dhara, Phys.

Rev. Materials 5, 115605 (2021).

22. E. I. Kats and V. V. Lebedev, JETP Lett. 100, 110 (2014).

23. E. I. Kats, Low Temp. Phys. (Fizika Nizkikh Temperatur) 43, 7 (2017).

24. P. G. de Gennes and J. Prost, The Physics of Liquid Crystals, Clarendon Press, Oxford (1993).

25. M. Kleman and O. Lavrentovich, Soft Matter Physics:

An Introduction, Springer, Berlin (2003).

26. P. Oswald and P. Pieranski, Smectics and Columnar Liquid Crystals, Taylor and Francis, N.Y. (2006).

27. S. M. Salili, C. Kim, S. Sprunt, J. T. Gleeson, O. Parric, and A. Jakli, RSC Adv. 4, 57419 (2014).

28. Z. Parsouzi, S. M. Shamid, V. Borshch, P. K. Challa, A. R. Baldwin, M. G. Tamba, C. Welch, G. H. Mehl, J. T. Gleeson, A. Jakli, O. D. Lavrentovich, D. W. Allender, J. V. Selinger, and S. Sprunt, Phys. Rev. X 6, 021041 (2016).

29. C. Meyer and I. Dozov, Soft Matter 12, 574 (2016). 30. R. Bruinsma and Y. Rabin, Phys. Rev. A 45, 994 (1992). 31. G. H. Fredrickson, J. Rheology 38, 1045 (1994). 32. M. Goulian and S. T. Milner, Phys. Rev. Lett. 74, 1775 (1995).

33. A. N. Morozov and J. G. E. M. Fraaije, Phys. Rev. E 65, 031803 (2002).

34. K. G. Wilson and J. Kogut, Phys. Rep. 12, 75 (1974). 35. E. I. Kats and V. V. Lebedev, Fluctuational Effects in the Dynamics of Liquid Crystals, Springer, Berlin (1993).

36. P. M. Chaikin and T. C. Lubensky, Principles of condensed matter physics, Cambridge University Press, Cambridge (2000).

37. E. I. Kats and V. V. Lebedev, JETP 64, 518 (1986) [ZhETF 91, 871 (1986)].

38. D. Svensek and H. R. Brand, Advances in Polymer Science 227, 101 (2010).

39. S. Fujii, S. Komura, and Ch.-Y. D. Lu, Materials 7, 5146 (2014).

40. S. A. Brazovskii, JETP 41, 85 (1975) [ZhETF 68, 175]. 41. E. I. Kats, V. V. Lebedev, and A. R. Muratov, Phys.

Rep. 228, 1 (1993).

42. L. D. Landau and E. M. Lifshitz, Course of Theoretical Physics, Statistical Physics, Pergamon Press, N.Y. (1980), Part 1.

43. K. Huang, Statistical Mechanics, 2nd edition, John Wiley and Sons, Montreal (1987).

44. P. G. de Gennes, Mol. Cryst. and Liquid Cryst. 34, 91 (1976).

Письма в ЖЭТФ том 116 вып. 3 – 4 2022