Pis’ma v ZhETF, vol. 108, iss. 5, pp. 359 – 360 © 2018 September 10

Asymmetric tunneling conductance and the non-Fermi liquid behavior of strongly correlated Fermi systems

V. R. Shaginyan^{+∗1)}, A. Z. Msezane^∗, G. S. Japaridze^∗, V. A. Stephanovich^×, Y. S. Leevik^∘

∗Petersburg Nuclear Physics Institute of National Research Center “Kurchatov Institute”, 188300 Gatchina, Russia

∗Clark Atlanta University, GA 30314 Atlanta, USA

×Institute of Physics, Opole University, 45-052 Opole, Poland

∘National Research University Higher School of Economics, 194100 St. Petersburg, Russia

Submitted 26 July 2018 Resubmitted 27 July 2018

DOI: 10.1134/S0370274X18170101

The scanning tunneling microscopy and the point contact spectroscopy based on Andreev reflection [1, 2] are sensitive to quasiparticle occupation numbers, and are ideal techniques to study the effects of particlehole symmetry violation, making the differential tunneling conductivity and dynamic conductance to be asymmetric function with respect to the applied voltage V . The asymmetric part of the conductivity σ_{asym}(V ) ≡ I^′(V ) − I^′(−V ) (I^′ ≡ dI/dV ) can be observed when strongly correlated Fermi system is either in its normal or superconducting (SC) state [3–7]. This asymmetry does not occur in conventional metals, for in the Landau Fermi liquid (LFL) theory the particle-hole symmetry is conserved and both the differential tunneling conductivity and dynamic conductance are symmetric functions of V [2, 8, 9]. The theory of fermion condensation (FC) taking place at the topological fermion condensation quantum phase transition (FCQPT) 8, 10–12] allows one to explain the non-Fermi liquid (NFL) behavior of many strongly correlated Fermi systems. It has been predicted within the framework of FC theory, that the differential tunneling conductivity becomes noticeably asymmetric in heavy fermion (HF) metals. The reason for that is that their electronic system is located near FCQPT, forming flat bands and violating both the particle-hole and the time-reversal symmetry [3, 6–9]. As a result, the asymmetric part σ_{asym} becomes finite. The application of magnetic field destroys the NFL behavior, and restores the above symmetries, nullifying σ_{asym}. This nullification can be extracted from recent experimental observations [13–15] and has been predicted theoretically in [3, 6, 7]. The experimental observation of flat band and SC state at low temperatures T in graphene [13] attract a strong attention to the band flattening, for it can

1)e-mail: vrshag@thd.pnpi.spb.ru

lead to the bulk room-T superconductivity in graphite [16]. Both the band flattening and the emergence of SC state are in accordance with recent experimental and theoretical observations suggesting that the flattening indeed raises T_c, and can be accompanied by asymmetrical conductivity that can induce the time-reversal symmetry breaking [16–21]. Obviously, σ_{asym} becomes finite as particle-hole symmetry is violated and we obtain the expression for σ_{asym}(V ) when the system is in its normal state [3, 6–9]

σ_{asym}(V ) ≃ c ( V 2T ) p_f − p_i p_F ≃ c V 2T S_0 x . (1)

In Equation (1), x = p^3_F /(3π^2) is a density of the heavy electron liquid, (p_f − p_i) is the region occupied by FC, c is a constant of the order of unity. We note that S_0, characterizing the normal state, can be estimated measuring the asymmetric part of tunneling conductance in the superconducting state. In order to observe the finite asymmetry of the conductivity, the measurements have to be carried out when the corresponding HF metal demonstrates the NFL behavior with particle-hole asymmetry. Latter asymmetry is typical for HF metals located near FCQPT. Thus, we conclude that the emergence of σ_{asym}(V ) is the typical feature of the NFL behavior. It has been predicted within the framework of the FC theory that σ_{asym}(V ) becomes finite in the archetypical HF metal YbRh_2Si_2, and disappears if the metal is moved to the LFL state by magnetic field [3, 7]. The asymmetric conductivity [14] and its suppression [15] have been observed in YbRh_2Si_2 as it is reported in Fig. 1. In that case magnetic field B is applied parallel to the magnetically hard c axis and the suppression takes place at B ≥ 7 T. The asymmetric part of the differential resistance σ_{asym}(kΩ) = dV/dI(I) − dV/dI(−I), extracted from measurements on graphene [13], diminishes at el-

Письма в ЖЭТФ том 108 вып. 5 – 6 2018 359

360 V. R. Shaginyan, A. Z. Msezane, G. S. Japaridze, V. A. Stephanovich, Y. S. Leevik

Fig. 1. (Color online) The asymmetric part σasym(V ) at different applied magnetic fields, shown in the legends. Upper panel: σasym(V ) is extracted from the experimental data collected on the HF metal YbRh2Si2 [15]. At B ≥ 7 T σasym(V ) vanishes at V ≤ 2 mV ∼ 9 T. Lower panel: The asymmetric part of the differential resistance σasym(kΩ) = dV /dI(I) − dV /dI(−I) is extracted from experimental data on graphene [13]. The asymmetry emerges at B ≤ 80 mT and vanishes at B ≃ 140 mT

evated magnetic field, and vanishes at B ≃ 140 mT, as it is seen from Fig. 1, lower panel. This observation is of great importance, for the graphene has a perfect flat band, making the particle-hole asymmetry generated by FC be obviously exhibited [13]. It is also clearly seen from Fig. 1, lower panel, that under the application of tiny magnetic field B ≃ 140 mT the asymmetric part σ_{asym}(kΩ) of the differential resistance vanishes, for the system transits to the LFL state. Thus, the asymmetric part σ_{asym} of the tunneling conductivity/resistivity arises due to the FC phenomenon in the corresponding substance. This asymmetry is obviously a NFL property. To the best of our knowledge, the FC theory is the only one capable to explain the above experimental puzzles. Namely, in accordance with the prediction [3, 6, 7], σ_{asym} vanishes under the application of magnetic field as a material transits to the LFL state and the particlehole symmetry restores. Therefore, FCQPT is intrinsic to strongly correlated substances and can be viewed as the universal cause of their non-Fermi liquid behavior.

Full text of the paper is published in JETP Letters journal. DOI: 10.1134/S0021364018170010

1. A.F. Andreev, Sov. Phys. JETP 19, 1228 (1964). 2. G. Deutscher, Rev. Mod. Phys. 77, 109 (2005). 3. V.R. Shaginyan, JETP Lett. 81, 222 (2005). 4. P.W. Anderson and N.P. Ong, J. Phys. Chem. Solids 67, 1 (2006).

5. M. Randeria, R. Sensarma, N. Trivedi, and F. Zhang, Phys. Rev. Lett. 95, 137001 (2005).

6. V.R. Shaginyan and K. G. Popov, Phys. Lett. A 361, 406 (2007).

7. V.R. Shaginyan, K. G.Popov, V. A. Stephanovich, and E.V. Kirichenko, J. Alloys and Compounds 442, 29 (2007).

8. V. R. Shaginyan, M. Ya. Amusia, A. Z. Msezane, and K. G. Popov, Phys. Rep. 492, 31 (2010).

9. M. Ya. Amusia, K. G. Popov, V. R. Shaginyan, and V.

A. Stephanovich, Theory of Heavy-Fermion Compounds, Springer Series in Solid-State Sciences 182 (2015).

10. V. A. Khodel and V. R. Shaginyan, JETP Lett. 51, 553 (1990).

11. G. E. Volovik, JETP Lett. 53, 222 (1991). 12. V. A. Khodel, V. R. Shaginyan, and V. V. Khodel, Phys.

Rep. 249, 1 (1994).

13. Y. Cao, V. Fatemi, S. Fang, K. Watanabe, T. Taniguchi, E. Kaxiras, and P. Jarillo-Herrero, Nature 556, 43 (2018).

14. S. Ernst, S. Kirchner, C. Krellner, C. Geibel, G. Zwicknagl, F. Steglich, and S. Wirth, Nature 474, 362 (2011).

15. S. Seiro, L. Jiao, S. Kirchner, S. Hartmann, S. Friedemann, C. Krellner, C. Geibel, Q. Si, F. Steglich, and S. Wirth, arXiv:1711.05151.

16. G. E. Volovik, JETP Lett. 107, 516 (2018). 17. F. Arnold, J. Nyéki, and J. Saunders, JETP Lett. 107, 577 (2018).

18. C. Xu and L. Balents, arXiv:1803.08057. 19. T. J. Peltonen, R. Ojajärvi, and T.T. Heikkilä, arXiv:1805.01039.

20. B. Lian, Z. Wang, and B. A. Bernevig, arXiv:1807.04382.

21. B. Roy and V. Juricic, arXiv:1803.11190.

Письма в ЖЭТФ том 108 вып. 5 – 6 2018