Pis’ma v ZhETF, vol. 107, iss. 2, pp. 132 – 133 © 2018 January 25

Emission spectrum of a qubit under its deep strong driving in the high-frequency dispersive regime

A. P. Saiko^{+1)}, S. A. Markevich^+, R. Fedaruk^∗

+Scientific-Practical Material Research Centre, Belarus National Academy of Sciences, 220072 Minsk, Belarus

∗Institute of Physics, University of Szczecin, 70-451, Szczecin, Poland

Submitted 28 September 2017 Resubmitted 27 October 2017

DOI: 10.7868/S0370274X18020121

In the past decade, theoretical and experimental studies of the matter-light interaction evolve toward the ultrastrong (0.1ω < g < ω) and deep strong (g > ω) coupling regime where the well-known rotating wave approximation (RWA) [1] is broken and the contribution of the antiresonant (non-RWA) terms in the coupling Hamiltonian cannot be omitted. In these regimes, the coupling strength g between the qubit and the electromagnetic field with frequency ω is comparable to, or exceeds, the transition frequency ε between two energy levels of the quantum system. The non-RWA terms results in complex field-qubit dynamics [2–7] and makes difficulties for its analytical description.

The strong and ultrastrong regimes of light-matter interaction have been studied both theoretically and experimentally in a variety of solid state systems [8– 13]. Recently, the ultrastrong regime has been studied in time-resolved experiments with artificial atoms such as superconducting flux [14–16] and charge [17] qubits as well as with a single NV center in diamond [18, 19], radiation-dressed states of NV centers [20], nuclear spins [21] and mechanical driving of a single electron spin [22]. The unusual features of the deep strong regime have been reported [23–25]. Dissipative and decoherence processes limiting the observation of Rabi oscillations under the ultrastrong driving regime have been considered theoretically [26–31]. The ultra- and deep strong driving field induces the transitions between the levels of the qubit even when the driving frequency is far away from resonance (ω ≫ ε) [26, 27].

In the present paper, we study the steady-state firstorder field correlation function and the photon emission spectrum of the qubit under its deep strong driving in the high-frequency dispersive regime (ω, g ≫ ε). An analytical description is realized in the framework of the non-secular perturbation theory based on the Krylov– Bogoliubov–Mitropolsky averaging method [32–34]. We

1)e-mail: saiko@physics.by

have found that under such driving of the qubit its multiphoton emission spectrum S(Ω) [35] consists of the coherent and incoherent parts: S(Ω) = S_{coh}(Ω) + S_{inc}(Ω),

S_{coh}(Ω) = σ^2_0 ∞∑ n=1 J^2_{2n−1}(a) ×

× [δ (Ω − (2n − 1)ω) + δ (Ω + (2n − 1)ω)] ,

S_{inc}(Ω) = 1 4π (1 + σ_0J_0(a)) Γ_⊥ { 1 + J_0(a) (Ω − ε_q)^2 + Γ^2_⊥ + + ∞∑ n=1 J_{2n}(a)× × ( 1 (Ω − 2nω − ε_q )^2 + Γ^2_⊥ + 1 (Ω + 2nω − ε_q )^2 + Γ^2_⊥ )} . Here Γ_⊥ =^5_8 γ +^3_8 η +^1_8 (η − γ)J_0(2a), γ is the rate of photon radiative processes, η is the dephasing rate, J_n(x) are Bessel functions, a =^{2g}_ω , ε_q = εJ_0(a) is the qubit quasienergy, σ_0 = −^{γJ0(a)}_{Γ‖} , Γ_‖ =^3_4 γ +^1_4 η +^1_4 (γ − − η)J_0(2a). Fig. 1 depicts the emission spectra for two values of the driving strength. Narrow delta-like lines at odd harmonics of the driving field stem from coherent processes. Lorenzian peaks at frequencies equal to the quasienergy and the sum of the quasienergy and even harmonics of the driving field result from the incoherent scattering of photons.

It is shown that the widths of emission lines have the Bessel-function-like dependences on the driving strength. Moreover, the driving field can invert some Lorentzian lines of the emission spectrum and at the certain frequencies the absorption of photons by the qubit can take place instead their emission. The obtained new features of emission spectrum are fundamental and important to physics of open quantum systems at deep strong far-off-resonant driving as well as for potential practical applications, including nonlinear spectroscopy and multi-frequency processing.

Full text of the paper is published in JETP Letters journal. DOI: 10.1134/S0021364018020030

132 Письма в ЖЭТФ том 107 вып. 1 – 2 2018

Emission spectrum of a qubit. . . 133

Fig. 1. The emission spectra for different values of the driving strength at γ/ω = 0.03 and η = 0. (a) – a = 6.0, σ0 = −0.198. (b) – a = 8.6, σ0 = 0. The dotted lines show the numerical results

1. I. I. Rabi, Phys. Rev. 51, 652 (1937).

2. Y. Yan, Z. Lü, and H. Zheng, Phys. Rev. A 91, 053834 (2015).

3. X. Cao, J. Q. You, H. Zheng, and F. Nori, New J. Phys.

13, 073002 (2011).

4. L. D. Feranchuk and A. V. Leonov, Phys. Lett. A 375, 385 (2011).

5. L. D. Feranchuk, A. V. Leonov, and O. D. Skoromnik, J.

Phys. A: Math. Theor. 49, 454001 (2016).

6. P. Lougovski, F. Casagrande, A. Lulli, and E. Solano, Phys. Rev. A 96, 033802 (2007).

7. P. Forn-Dìaz, G. Romero, C. J. P. M. Harmans, E. Solano, and J. E. Mooij, Sci. Rep. 6, 26720 (2016).

8. S. Shevchenko, S. Ashhab, and F. Nori, Phys. Rep. 492, 1 (2010).

9. S. Ashhab, J. R. Johansson, A. M. Zagoskin, and F. Nori, Phys. Rev. A 75 063414 (2007).

10. J. Stehlik, Y. Dovzhenko, J. R. Petta, J. R. Johansson, F. Nori, H. Lu, and A. C. Gossard, Phys. Rev. B 86, 121303 (2012).

11. M. F. Gonzalez-Zalba, S. N. Shevchenko, S. Barraud, J. R. Johansson, A. J. Ferguson, F. Nori, and A. C. Betz, Nano Lett. 16, 1614 (2016).

12. S. N. Shevchenko, S. Ashhab, and F. Nori, Phys. Rev. B 85, 094502 (2012).

13. T. Douce, M. Stern, N. Zagury, P. Bertet, and P. Milman, Phys. Rev. A 92, 052335 (2015).

14. I. Chiorescu, P. Bertet, K. Semba, Y. Nakamura, C. J. P. M. Harmans, and J. E. Mooij, Nature (London), 431, 159 (2004).

15. S. Saito, T. Meno, M. Ueda, H. Tanaka, K. Semba, and H. Takayanagi, Phys. Rev. Lett. 96, 107001 (2006).

16. C. Deng, J.-L. Orgiazzi, F. Shen, S. Ashhab, and A. Lupascu, Phys. Rev. Lett. 115, 133601 (2015).

17. Y. Nakamura, Y. A. Pashkin, and J. S. Tsai, Phys. Rev.

Lett. 87, 246601 (2001).

18. G. D. Fuchs, V. V. Dobrovitski, D. M. Toyli, F. J. Heremans, and D. D. Awschalom, Science 326, 1520 (2009).

19. P. London, P. Balasubramanian, B. Naydenov, L. P. McGuinness, and F. Jelezko, Phys. Rev. A 90, 012302 (2014).

20. C. Avinadav, R. Fischer, P. London, and D. Gershoni, Phys. Rev. B 89, 245311 (2014).

21. J. H. Shim, S-J. Lee, K-K. Yu, S. M. Hwang, and K. Kim, J. Magn. Reson. 239, 87 (2014).

22. A. Barfuss, J. Teissier, E. Neu, A. Nunnenkamp, and P. Maletinsky, Nat. Phys. 11, 820 (2015).

23. J. Casanova, G. Romero, I. Lizuain, J. J. Garcia-Ripoll, and E. Solano, Phys. Rev. Lett. 105, 263603 (2010).

24. F. Yoshihara, T. Fuse, S. Ashhab, K. Kakuyanagi, S. Saito, and K. Semba, Nat. Phys. 13, 44 (2017).

25. P. Forn-Díaz, J. J. García-Ripoll, B. Peropadre, M. A. Yurtalan, J.-L. Orgiazzi, R. Belyansky, C. M. Wilson, and A. Lupascu, Nat. Phys. 13, 39 (2017).

26. J. Hausinger and M. Grifoni, Phys. Rev. A 81, 022117 (2010).

27. A. P. Saiko, S. A. Markevich, and R. Fedaruk, Phys. Rev.

A 93, 063834 (2016).

28. A. L. Boité, M. J. Hwang, and M. B. Plenio, Phys. Rev.

A 95, 023829 (2017); (arXiv: 1612.01377).

29. J. Hauss, A. Fedorov, S. André, V. Brosco, C. Hutter, R. Kothari, S. Yeshwanth, A. Shnirman, and G. Schön, New J. Phys. 10, 095018 (2008).

30. C. M. Wilson, G. Johansson, T. Duty, F. Persson, M. Sandberg, and P. Delsing, Phys. Rev. B. 81, 024520 (2010).

31. F. Beaudoin, J. M. Gambetta, and A. Blais, Phys. Rev.

A 84, 043832 (2011).

32. N. N. Bogoliubov and Yu. A. Mitropolsky, Asymptotic Methods in the Theory of Nonlinear Oscillations, Gordon and Breach, N.Y. (1961).

33. A. P. Saiko, G. G. Fedoruk, and S. A. Markevich, JETP 105, 893 (2007).

34. A. P. Saiko, R. Fedaruk, and S. A. Markevich, J. Phys.

B: At. Mol. Opt. Phys. 47, 155502 (2014).

35. H. Carmichael, An Open System Approach to Quantum Optics, Springer-Verlag (1993).

Письма в ЖЭТФ том 107 вып. 1 – 2 2018