Pis’ma v ZhETF, vol. 117, iss. 10, pp. 794 – 795 © 2023 May 25

Emergent long-lived Zitterbewegung in Su–Schrieffer–Heeger lattice with third-nearest-neighbor hopping

M.-N. Chen^+, X.-J. Yu^∗, Z. Li^{+×∘1)}

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

∗International Center for Quantum Materials, School of Physics, Peking University, 100871 Beijing, China

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

∘Guangdong Provincial Key Laboratory of Nuclear Science, Institute of Quantum Matter, South China Normal University, 510006 Guangzhou, China

Submitted 17 February 2023 Resubmitted 14 April 2023

Accepted 14 April 2023

DOI: 10.31857/S1234567823100129, EDN: cofefc

With the Dirac equation as its core, relativistic quantum mechanics predicts that particles show a highfrequency Zitterbewegung (ZB) even in free motion [1, 2]. For a free electron, the Dirac equation predicts the ZB is so high in frequency (ω_{ZB} ∼ 10^{21} Hz) and so small in amplitude (A_{ZB} ∼ 10^{−12} m) that it is impossible to observe it directly with current experimental techniques [3]. Though early studies on ZB were mainly focused on electrons, current research has proved that ZB phenomenon is actually not unique to electrons, but widely exists in condensed matter systems with linear dispersion such as graphene [4], Weyl semi-metal [5], topological insulator [6] and other systems [7]. A valid Dirac equation is shared by all these systems to describe the dynamical properties. With the progress of quantum simulation technology, the simulation of ZB has been realized on various quantum simulation platforms, such as phononic/photonic crystals [8], trapped ions [9], ultracold atoms [10].

Furthermore, J. A. Lock predicted in 1979 that the finite-sized initial wavepacket will lead to the damping of ZB, i.e., the corresponding amplitude will decay very fast over time [11]. His prediction has been verified by theories [12] and experiments [9] in succession. The fleeting existence of ZB makes it difficult to observe in experiments. Besides, recent studies have found that the introduction of the third-nearest-neighbor (N3) hopping can change the energy band structure, leading to Dirac point metamorphosis [13], a growing number of research concern relative systems with N3 hop-

1)e-mail: lizphys@m.scnu.edu.cn

ping. It is natural to ask whether a quasi-flat band structure can be produced by Dirac point metamorphosis, thereby reducing the diffusion rate of the quasiparticles and ultimately producing the long-lived ZB phenomenon? To answer this question, we propose a N3 Su–Schrieffer–Heeger (SSH) model which features not only the nearest-neighbor hopping, but also the N3 hopping.

As for cold atomic lattice system, the standard SSH can be implemented by loading rubidium atoms [14]. By introducing the auxiliary laser, one can effectively control the N3 hopping. The low-energy effective Hamiltonian of the system can be obtained as

H_{eff} = v_xq_xσ_x + ( Δ + q^2_x 2m^∗ ) σ_z , (1)

where v_x denotes the effective light velocity in x direction. Δ is the gap parameter and m^∗ is the effective mass. The corresponding dynamical properties of quasiparticles in a N3 SSH lattice can be described by the following equation of motion, i.e., iℏ ∂ ∂t Ψ = H_{eff} Ψ. (2)

In order to study the wavepacket dynamics of quasiparticles in the N3 SSH lattice, we directly solve the equation of motion Eq. (2) with Hamiltonian Eq. (1). Throughout the calculation, a universal Gaussian wavepacket without initial velocity is considered as the initial state, i.e.,

|Ψ(x)⟩ = G(x)|Φ⟩. (3)

794 Письма в ЖЭТФ том 117 вып. 9 – 10 2023

Emergent long-lived Zitterbewegung in Su–Schrieffer–Heeger. . . 795

Fig. 1. (Color online) Numerically calculated probability distributions, |Ψ(x, t)|^2, for Δ = −1, −0.6, −0.2, 1, 0.6, 0.2 (from panels (a) to (f)). Throughout the calculation, the width of the initial wavepacket L = 5, effective light velocity in x direction vx = 1 and the effective mass m^∗ = 0.5

Visualized evolution of wavepacket is plotted in Fig. 1a–f. As shown in the Fig. 1, the centroid of the wavepacket exhibits periodic oscillations whenever Δ ≠ 0, which is the evidence of ZB effect. To be specific, when Δ < 0 (see Fig. 1a–c), the attenuation of ZB effect decreases first and then increases with the decreasing Δ. Notably, one can see a stable ZB effect when Δ = −0.6 (see Fig. 1b), where the width (amplitude) of wavepacket barely expands (decreases). On the other hand, when Δ > 0, no matter how the parameter Δ changes, the attenuation of ZB effect is still very strong and its life-span is very short. Then, in order to further grasp the physical mechanism behind the long-lived ZB phenomenon, the long-time average inverse participation rate and momentum distribution of the system are calculated, and the corresponding energy band structure of the system is discussed. The results of the theoretical analysis show that the N3 SSH model has a unique advantage over the standard SSH model, i.e., the introduction of the N3 hopping can effectively modulate the energy band structure near the high symmetry point to the quasi-flat band, thus restraining the diffusion of the quasiparticle wave packets, which in turn prolongs the interference time of the positive and negative branches, and finally leads to the long-lived ZB phenomenon of the system. Furthermore, we propose an experimental scheme in cold atomic system. Due to its easy accessibility and high controllability, we hope the long-lived ZB effect predicted here can be verified experimentally in the near future.

This is an excerpt of the article “Emergent longlived Zitterbewegung in Su–Schrieffer–Heeger lattice with third-nearest-neighbor hopping”. Full text of the paper is published in JETP Letters journal. DOI: 10.1134/S0021364023600386

1. P. A. M. Dirac, Proc. R. Soc. Lond. A 117, 610 (1928). 2. E. Schrödinger, Sitzungsber. Preuss. Akad. Wiss. Phys.

Math. Kl. 24, 418 (1930).

3. D. Hestenes, Front. Phys. 20, 10 (1990).

4. T. M. Rusin and W. Zawadzki, Phys. Rev. 76, 195439 (2007).

5. T. Huang, T. Ma, and L.-G. Wang, J. Phys. Condens.

Matter 30, 245501 (2018).

6. L.-K. Shi, S.-C. Zhang, and K. Chang, Phys. Rev. B 87, 161115(R) (2013).

7. W. Zawadzki and T. M. Rusin, J. Phys. Condens.

Matter 23, 143201 (2011).

8. X.-D. Zhang, Phys. Rev. Lett. 100, 113903 (2008). 9. R. Gerritsma, G. Kirchmair, F. Zähringer, E. Solano, R. Blatt, and C. F. Roos, Nature 463, 68 (2010).

10. J. Y. Vaishnav and C. W. Clark, Phys. Rev. Lett. 100, 153002 (2008).

11. J. A. Lock, Am. J. Phys. 47, 797 (1979). 12. H. Hilhorst, M. J. Washenberger, and U. C. Täuber, J. Stat. Mech. Theory Exp. 2004, P10002 (2004).

13. C. Bena and L. Simon, Phys. Rev. B 83, 115404 (2011). 14. E. J. Meier, F. A. An, and B. Gadway, Nat. Commun.

7, 13986 (2016).

Письма в ЖЭТФ том 117 вып. 9 – 10 2023