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            Abstract
Optical frequency-comb sources, which emit perfectly periodic and coherent waveforms of light1, have recently rapidly progressed towards chip-scale integrated solutions. Among them, two classes are particularly significant—semiconductor Fabry–Perót lasers2,3,4,5,6 and passive ring Kerr microresonators7,8,9. Here we merge the two technologies in a ring semiconductor laser10,11 and demonstrate a paradigm for the formation of free-running solitons, called Nozaki–Bekki solitons. These dissipative waveforms emerge in a family of travelling localized dark pulses, known within the complex Ginzburg–Landau equation12,13,14. We show that Nozaki–Bekki solitons are structurally stable in a ring laser and form spontaneously with tuning of the laser bias, eliminating the need for an external optical pump. By combining conclusive experimental findings and a complementary elaborate theoretical model, we reveal the salient characteristics of these solitons and provide guidelines for their generation. Beyond the fundamental soliton circulating inside the ring laser, we demonstrate multisoliton states as well, verifying their localized nature and offering an insight into formation of soliton crystals15. Our results consolidate a monolithic electrically driven platform for direct soliton generation and open the door for a research field at the junction of laser multimode dynamics and Kerr parametric processes.
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                    Fig. 1: Parameter space of the CGLE with corresponding laser regimes.


Fig. 2: Experimental and theoretical characterization of fundamental NB solitons in a monolithic ring laser.


Fig. 3: Multisoliton states.


Fig. 4: Coherent control of NB soliton regimes.
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Extended data figures and tables

Extended Data Fig. 1 Experimental evidence suggesting an NB soliton crystal.
Intensity spectrum of a probable fifth harmonic frequency comb, where the intermode spacing equals 5 FSRs. The soliton crystal regime is suggested by the smooth bell-shaped envelope of the spectrum. In the Fig. 3 of the main manuscript, we have shown an experimental and theoretical characterization of a multisoliton state comprised of two co-propagating NB solitons in a single roundtrip. A special case of multisolitonic states, where all of the solitons within one roundtrip are equidistant, is called a soliton crystal15. In the frequency domain, these waveforms correspond to a harmonic frequency comb whose spacing between adjacent comb modes is equal to an integer multiple of the FSR: N × FSR, where N is the number of solitons in the soliton crystal. The coherence of the state is suggested by the high suppression ratio of the fundamental modes that fall beneath the noise floor, leaving only the harmonic equidistant modes. Furthermore, the modes form a smooth bell-shaped spectral envelope that indicates the soliton nature of the state. The high frequency of the intermode beatnote (around 68 GHz) lies well above the cutoff frequency of our optical detector, thus prohibiting SWIFTS characterization to truly assess the coherence of the state. This begs for the future use of another coherent technique to study soliton crystal dynamics in active ring resonators.


Extended Data Fig. 2 Shifting of the soliton spectral envelope relative to the primary mode.
Experimental characterization of two NB solitons where the tuning of the bias current results in a shift of the spectral soliton envelope from the red to the blue side of the primary mode (a and b respectively). The shift of the soliton spectral envelope happens as the currents of the ring and the waveguide are changed. The main reason for this likely lies in the large change of the total GVD, as discussed in the main manuscript, and recently observed experimentally in passive microresonators21. Although the soliton envelope may be positioned differently relative to the primary mode, the expected two π jumps of the intermode phases around the primary mode are still present – indicating that this is indeed a salient feature of NB solitons. The temporal profile of the phase exhibits the familiar 2π ramp within the width of the soliton. We can observe that the direction of the ramp depends on whether the soliton spectral envelope is on the red or on the blue side relative to the primary mode. In a hypothetical state where the soliton envelope would be perfectly symmetric relative to the primary mode (if the soliton spectral center of mass coincides with the position of the primary mode), the 2π phase ramp would comprise two separate π ramps with an opposite direction. However, this state does not represent a stable fixed point, and is likely never to occur experimentally.


Extended Data Fig. 3 Laser operation under delayed optical feedback.
a, Fabry-Perot QCL spectrogram of the intermode beat note under delayed feedback induced by placing a mirror at the laser output. The feedback intensity is varied by rotating a polarizer placed between the laser facet and the mirror. The frequency axis of the spectrogram is centered at 5.833 GHz. b, Same measurement as in a, performed on a ring QCL generating a unidirectional Nozaki-Bekki soliton. The frequency axis of the spectrogram is centered at 18.623 GHz. In both measurements resolution bandwidth of the RF spectrum analyzer is 16 kHz.
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