







    Skip to main content




    
        
        Thank you for visiting nature.com. You are using a browser version with limited support for CSS. To obtain
            the best experience, we recommend you use a more up to date browser (or turn off compatibility mode in
            Internet Explorer). In the meantime, to ensure continued support, we are displaying the site without styles
            and JavaScript.


    




    

    
            

            
                
                    Advertisement

                    
        
            
    
        
            
                [image: Advertisement]
        

    


        
    
                

            
        

    
        
            
                
                    
                    
                    
                        
                        
                            
                                
                                [image: Nature]
                            
                        
                    
                    

                    
                    	
                            
                                View all journals
                            
                        
	
                            
                                Search
                            
                        
	
                            
                                Log in
                            
                        


                

            

        

        
            
                
                    
                        	
                                    
                                        Explore content
                                    
                                
	
                                    
                                        About the journal
                                    
                                
	
                                        
                                            Publish with us
                                        
                                    
	
                                    
                                        Subscribe
                                    
                                


                        	
                                    
                                        Sign up for alerts
                                    
                                
	
                                    
                                            RSS feed
                                    
                                


                    

                

            

        
    


    
    
        
            
                	nature



	letters

	
                                    article


    
        
        
            
            
                
                    	Letter
	Published: 17 September 2018



                    Time-asymmetric loop around an exceptional point over the full optical communications band

                    	Jae Woong Yoon1,2Â na1, 
	Youngsun Choi1Â na1, 
	Choloong Hahn3, 
	Gunpyo Kim1, 
	Seok Ho Song1, 
	Ki-Yeon Yang4, 
	Jeong Yub Lee4, 
	Yongsung Kim4, 
	Chang Seung Lee4, 
	Jai Kwang Shin4, 
	Hong-Seok Lee4 & 
	â€¦
	Pierre Berini3,5,6Â 

Show authors

                    

                    
                        
    Nature

                        volumeÂ 562,Â pages 86â€“90 (2018)Cite this article
                    

                    
        
            	
                        10k Accesses

                    
	
                        139 Citations

                    
	
                            5 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Photonic devices
	Silicon photonics


    


                
    
    

    
    

                
            


        
            Abstract
Topological operations around exceptional points1,2,3,4,5,6,7,8â€”time-varying system configurations associated with non-Hermitian singularitiesâ€”have been proposed as a robust approach to achieving far-reaching open-system dynamics, as demonstrated in highly dissipative microwave transmission3 and cryogenic optomechanical oscillator4 experiments. In stark contrast to conventional systems based on closed-system Hermitian dynamics, environmental interferences at exceptional points are dynamically engaged with their internal coupling properties to create rotational stimuli in fictitious-parameter domains, resulting in chiral systems that exhibit various anomalous physical phenomena9,10,11,12,13,14,15,16. To achieve new wave properties and concomitant device architectures to control them, realizations of such systems in application-abundant technological areas, including communications and signal processing systems, are the next step. However, it is currently unclear whether non-Hermitian interaction schemes can be configured in robust technological platforms for further device engineering. Here we experimentally demonstrate a robust silicon photonic structure with photonic modes that transmit through time-asymmetric loops around an exceptional point in the optical domain. The proposed structure consists of two coupled silicon-channel waveguides and a slab-waveguide leakage-radiation sink that precisely control the required non-Hermitian Hamiltonian experienced by the photonic modes. The fabricated devices generate time-asymmetric light transmission over an extremely broad spectral band covering the entire optical telecommunications window (wavelengths between 1.26 and 1.675 micrometres). Thus, we take a step towards broadband on-chip optical devices based on non-Hermitian topological dynamics by using a semiconductor platform with controllable optoelectronic properties, and towards several potential practical applications, such as on-chip optical isolators and non-reciprocal mode converters. Our results further suggest the technological relevance of non-Hermitian wave dynamics in various other branches of physics, such as acoustics, condensed-matter physics and quantum mechanics.
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                    Fig. 1: A silicon photonic architecture for dynamic EEP parametric evolution in the optical domain.[image: ]


Fig. 2: Self-intersecting eigensystem topology and time-asymmetric mode transfer.[image: ]


Fig. 3: Final-state measurement based on diffraction-assisted inter-channel interference.[image: ]


Fig. 4: Broadband time-asymmetric state transfer.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Wavelength dispersion of anÂ EEP loop.
a, Wavelength-dependent EEP loop obtained with the proposed approach, which is based on controlling the waveguide width and photonic tunnel gap. The line colour indicates the corresponding free-space wavelength, as shown in the colour bar. EP, exceptional point. b, Wavelength-dependent EEP loop obtained with the direct index-modulation method. For a fair comparison, the Ch1 waveguide is invariant along the z axis, the direct index-modulation profile is applied only to the Ch2 waveguide, and the profile is designed such that the loop at 1.55â€‰Î¼m is identical to that in a at the same wavelength.


Extended Data Fig. 2 Fabrication of SiO2-encapsulated Si devices for dynamic EEP.
a, Schematic of a device array fabricated on a 10Â mmÂ Ã—Â 30Â mm quartz substrate. As shown in the left panel, the array consists of two control Y-branch waveguides at the top and bottom of the layout and four pairs of Si-waveguide devices in the middle (pairs 1â€“4, from bottom to top; see Extended Data Figs.Â 4â€“6). The control Y-branch devices have two identical straight waveguides and do not include a slab-waveguide side-patch. Each Si-waveguide device pair consists of two devices of the same length L, one on top for ACW rotation and the other at the bottom for CW rotation in the pâ€“q plane. Each device includes an FIB-prepared input facet (in region P1; see right panel), a symmetric Y-branch (in P2), the EEP region (spanning P3â€“P5) and an FIB-prepared output facet (in P6). b, Optical microscope images of the characteristic device sections P1â€“P6 for a ACW EEP device with Lâ€‰=â€‰â€‰=â€‰0.5Â mm. c, d, Cross-sectional (c) and top-view (d) scanning electron microscope (SEM) images of a sacrificial device (ACW EEP with Lâ€‰=â€‰0.5Â mm) fabricated under the processing conditions detailed in Methods. In d, the left panel shows an image of the entire EEP device region, obtained by forming a mosaic of 79 successive SEM images, with the optimized design indicated by the red dashed curves. The right panels show close-up SEM images of P3, P4 and P5.


Extended Data Fig. 3 System used for diffraction-assisted channel interference and spectral response measurements.
Coherent infrared light from a tunable diode laser (MG9638A, Anritsu) is coupled to the device through a lensed single-mode fibre at the input facet. The actual excitation wavelength is monitored with a spectrum analyser (MS9710B, Anritsu). For precise alignment and stable input coupling, the lensed fibre is mounted on a three-axis translation-stage assembly and the sample is mounted on a six-axis translationâ€“rotation-stage assembly. The output light is collected by a z-scanning microscope objective (numerical aperture, 0.3; working distance, 10Â mm; from Nachet) imaging tube lens and an infrared camera (Model 7290A Micron Viewer, Electrophysics) to acquire z-dependent diffraction-pattern images. A broadband linear polarizer (LPNIR100-MP2, Thorlabs) is located in front of the infrared camera to filter the transverse electric component (Ex) out of the acquired image. A motorized linear stage (M-505.4PD, Physik Instrumente) with 0.25-Î¼m unit-step resolution is used for position control of the z-scanning microscope objective. The tunable diode laser, spectrum analyser, motorized linear stage and infrared camera are connected to a desktop computer that controls them in a programed order and integrates multiple camera images for high-quality data acquisition on demand.


Extended Data Fig. 4 Measured inter-channel interference patterns for device pairs 1 and 2 compared with model-fitted patterns.
a, Patterns for ACWâ€“CW EEP device pair 1 (see Extended Data Fig.Â 2a). b, Patterns for ACWâ€“CW EEP device pair 2. The device length is Lâ€‰=â€‰1Â mm for both device pairs 1 and 2. In the acquisition of the experimental diffraction patterns, we integrate 100 camera images to remove parasitic low-frequency electrical noise corresponding to 60-Hz harmonics. A tunable diode laser was used as the excitation source in this measurement.


Extended Data Fig. 5 Measured inter-channel interference patterns for device pairs 3 and 4 compared with model-fitted patterns.
a, Patterns for ACWâ€“CW EEP device pair 3 (see Extended Data Fig.Â 2a). b, Patterns for ACWâ€“CW EEP device pair 4. The device length is Lâ€‰=â€‰0.5Â mm for both device pairs 3 and 4. In the acquisition of the experimental diffraction patterns, we integrate 100 camera images to remove parasitic low-frequency electrical noise corresponding to 60-Hz harmonics. A tunable diode laser was used as the excitation source in this measurement.


Extended Data Fig. 6 Measured inter-channel interference patterns compared with the model-fitted patterns for device pairs excited by an infrared supercontinuum source.
a, Patterns for ACWâ€“CW EEP device pair 2 (Lâ€‰=â€‰1.0Â mm; see Extended Data Fig.Â 2a). b, Patterns for ACWâ€“CW EEP device pair 4 (Lâ€‰=â€‰0.5Â mm). In the acquisition of the experimental diffraction patterns, we integrate 100 camera images to remove parasitic low-frequency electrical noise corresponding to 60-Hz harmonics. In b, the experimental patterns at 1,600Â nm and 1,650Â nm for the ACW EEP device are missing owing to the very low signal-to-noise ratio at those conditions.
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Supplementary Information
This file contains theÂ mathematical treatment (Supplementary Note I) for equations (1) and (2) in the main text, detailed description of the device design method (Supplementary Note II), andÂ a detailed description of the numerical fitting procedure (Supplementary Note III) for the experimental results in Figs. 3 and 4 in the main text. This document includes Supplementary Table I, which illustrates structures and theÂ corresponding mode-field configurations associated with the theoretical arguments in Supplementary Note I. In addition, Supplementary Figs. S1â€“S3 provide parametric effective-index spectra, an optimized loop, and evolution speed profiles, respectively, to support the design method described in Supplementary Note II.


Video 1
 Gradual formation of the inter-channel interference patterns due to the free-space diffraction. This video shows continuous change of cross-sectional diffracted-intensity patterns of the final photonic states from the fabricated devices as the collection objective lens scans its object plane position zD from 0 to 60 Î¼m along the optical axis. The characteristic inter-channel interference patterns are clearly identified in the diffraction patterns for zD â‰¥ 50 Î¼m.
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