Pis’ma v ZhETF, vol. 116, iss. 11, pp. 808 – 809 © 2022 December 10

Emerging edge states in the monolayer FeSe superconductor with the spin-orbital coupling

F. Miao^+, T. Zhou^{+∗1)}

+Guangdong Provincial Key Laboratory of Quantum Engineering and Quantum Materials, School of Physics and Telecommunication Engineering, South China Normal University, 510006 Guangzhou, China

∗Guangdong-Hong Kong Joint Laboratory of Quantum Matter, Frontier Research Institute for Physics, South China Normal University, 510006 Guangzhou, China

Submitted 25 October 2022 Resubmitted 25 October 2022 Accepted 25 October 2022

DOI: 10.31857/S1234567822230100, EDN: mekbyr

Topological superconductors have attracted tremendous attentions in the field of the condensed matter physics, partially due to the realization of Majorana zero modes at their surfaces or vortex cores, which has potential application in the topological quantum computation [1]. Theoretically, the early proposed candidate platforms include the chiral p + ip superconductors and the artificially created heterostructures including a superconductor and a spin-orbital coupled material. Experimentally, signatures of Majorana zero modes have indeed been observed in various heterostructures. However, the proximity induced superconducting pairing magnitude is generally rather small. And it is challenging to make use of the complicated heterostructures for further detections or applications. Recently, it was predicted theoretically and indicated experimentally that the topological superconductors and Majorana zero modes may be realized in many families of iron based superconductors [2]. This provides exciting opportunities to realize the intrinsic nontrivial topology and high-T_c superconductivity in one material.

The high-T_c superconductivity in iron-based materials has been studied intensively since their discovery in 2008. Generally in the normal state, the Fermi surface includes two hole pockets around the Γ = (0, 0) point and two electron pockets around the M = (π, π) point [3]. The density of states near the Fermi level is mainly contributed by the 3d orbitals of the iron ions. Thus a five-orbital model considering all of the Fe 3d orbitals was proposed and describes well the properties of the iron-based superconductor. On the other hand, a minimal two-orbital model was also proposed. This minimal model reproduces qualitatively correct the normal state Fermi surface and can describe

1)e-mail: tzhou@scnu.edu.cn

most of the low energy physics of iron based superconductors. However, both models cannot describe directly the nontrivial topology of iron-based superconductors. Actually, the topological properties for the ironbased superconductors depend strongly on the materials. Theoretically, the topologically nature for both three-dimensional and two-dimensional FeSe_{1−x}Te_x materials have been discussed sufficiently and well understood. For the FeSe_{1−x}Te_x system, the 5p orbital of Te ions are more expended and have stronger spin-orbital interaction than 4p orbitals of Se ions. The hybrids between the p and d orbitals are important for the nontrivial topology. Therefore, an effective model describing both the superconductivity and the topological properties of the FeSe_{1−x}Te_x compound may be rather complicate.

For the monolayer FeSe material, the p orbitals of the Se ions are far away from the Fermi level. Therefore, the minimal model describing the FeSe compound should be much simpler that describes the FeSe_{1−x}Te_x compound. Moreover, the monolayer FeSe superconductor has several unique features compared with other iron-based superconductors, namely, the superconducting transition temperature T_c is rather high. And in the normal state, only electron pockets around the M point exist. The hole pockets around the Γ point is absent, different from most of other iron-based superconductors. A topological phase in the normal state emerges through considering an intrinsic spin-orbital coupling [4], while in the superconducting state, it was indicated theoretically that the nontrivial topology only appear for the odd parity pairing [5]. For the usual s_± pairing, the system is topologically trivial. On the other hand, experimentally, signatures of Majorana zero modes were also revealed in the monolayer FeSe compound. Therefore, actually it is still not clear whether the superconducting monolayer FeSe

808 Письма в ЖЭТФ том 116 вып. 11 – 12 2022

Emerging edge states in the monolayer FeSe. . . 809

Fig. 1. (Color online) (a) – The energy bands as a function of the momentum ky with the spin-orbital interaction with considering the open boundary condition along the x-direction. (b) – The low energy eigenvalues of the Hamiltonian with two vortices

material is topologically trivial. Now it is rather necessary to explore this issue theoretically and construct a minimal model to describe both the high-T_c superconductivity and the possible Majorana excitations of the monolayer FeSe material.

Starting from a two-orbital model which can describe qualitatively the superconducting properties of the monolayer FeSe superconductor [6], we propose that the edge states and the zero modes in the vortex core can emerge when an additional spin-orbital coupling term is considered. Our main results are indicated in Fig. 1. As is seen in Fig. 1a, when the open boundary condition is considered, the edge states indeed emerge. The low energy eigenvalues of the Hamiltonian in the presence of the two vortices are presented in Fig. 1b. As is seen, four zero energy eigenvalues exist. This can explain qualitatively the experimental signatures of the Majorana zero modes in this material. However, based on the calculation of the topological invariant and the Wilson loop technique, our results indicate that this system is still a topologically trivial system. We provide a possible explanation for the emergence of the zero modes in the monolayer FeSe material. However, the edge states and zero modes disappear when the normal state hole-like Fermi pockets appear upon changing the chemical potential. Therefore, the observations of the edge states and Majorana zero modes in other iron-based superconductors cannot be simply explained merely through adding an additional spin-orbital interaction into the original Hamiltonian.

This is an excerpt of the article “Emerging edge states in the monolayer FeSe superconductor with the spin-orbital coupling”. Full text of the paper is published in JETP Letters journal. DOI: 0.1134/S0021364022602032

1. X.-L. Qi and S.-C. Zhang, Rev. Mod. Phys. 83, 1057 (2011).

2. N. Hao and J. Hu, Nat. Sci. Rev. 6, 213 (2019). 3. G. R. Stewart, Rev. Mod. Phys. 83, 1589 (2011). 4. N. Hao and J. Hu, Phys. Rev. X 4, 031053 (2014). 5. N. Hao and S.-Q. Shen, Phys. Rev. B 92, 165104 (2015). 6. Y. Gao, Y. Yu, T. Zhou, H. Huang, and Q.-H. Wang, Phys. Rev. B 94, 144512 (2016).

Письма в ЖЭТФ том 116 вып. 11 – 12 2022 5^∗