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Abstract

:

Topological photonics has been widely investigated due to its profound physical significance and great number of potential applications. Microwaves have long wavelengths, so it is relatively easy to manufacture large-sized microwave photonic crystals, enabling researchers to observe and measure phenomena such as topological boundary states. Nevertheless, the quality factors (QFs) of most resonators composed of traditional materials in the microwave region are relatively low, leading to topological edge states with high decay rates. In this study, we present a one-dimensional topological photonic crystal in the microwave region based on coupled superconducting resonators. A topological state with a QF as high as 6000 is observed, which proves this to be a new platform for the investigation of topological photonics with low decay rates in the microwave regime.
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1. Introduction


Topological photonics has been widely investigated since it was first introduced and implemented due to its profound physical significance and great number of potential applications. Topological photonics employs the principles and techniques of topology in exploring the transportation and manipulation of photons. Through the design and fabrication of photonic crystals and other materials with distinct topological configurations, it is possible to achieve attributes such as unidirectional photon propagation, anti-scattering, and topological protection [1,2,3,4]. These characteristics lead to innovative approaches and techniques to enhance the design and performance of photonic devices.



Cutting-edge research in topological photonics includes higher-order topological insulators [5,6,7,8], nonlinear topological phenomena [5,9,10,11], and topological valley Hall lasers [10,12,13,14,15,16,17]. In topological crystals, the topological states are not affected by the performance degradation caused by manufacturing defects or environmental changes, providing a robust design for photonic systems. Many platforms and physical mechanisms have been proposed to obtain topological edge states, such as photonic crystals [18,19], semiconductor quantum wells [20,21,22], arrays of coupled resonators [23,24,25,26,27], metamaterials [28], polaritons in microcavities [29,30,31], and waveguide arrays [24,32,33,34,35,36,37]. Moreover, the one-way transmission of boundary states with robustness can be observed, which can overcome the scattering losses caused by structural defects and disorder [38,39,40]. Based on this, unidirectional waveguides, single-mode lasers [32,41,42], and unidirectional side waveguides [32,43,44] have been proposed and implemented.



The boundary state in a one-dimensional topological photonic system is an intriguing topological phenomenon, and the most common model adopted for topological phase control is the SSH model [45]. The SSH model originally described the staggered coupling of electrons in a one-dimensional periodic lattice alternating between intracellular sites and between intercellular sites. Photons and electrons have certain similarities in some physical phenomena, so the SSH model is also suitable for understanding the behavior of photons in similar structures. In topological photonic crystals, SSH models can be used to understand the propagation and interaction of photons in periodic structures, especially phenomena related to the presence and protection mechanisms of topological edge states. At the end of an array with a non-trivial topological phase, a localized edge state occurs [46], as demonstrated for the first time in a one-dimensional topological state in photonics, revealing a linear Shockley surface state in a light-induced semi-infinite photonic superlattice [47]. Subsequently, experiments showed that edge states appear symmetrically at both ends of the finite topological chain [48] and the topological sequence and winding number can be directly observed in the microwave region [49]. Moreover, active topological photonics has resulted in a range of distinctive photonic systems, which include topological photonic waveguides interacting with quantum emitters [23], generating quantum light through nonlinear optical processes [50,51], and topological photonic structures that undergo active temporal phase intensity modulation [52,53]. Microwave photonics mainly involves the interaction and conversion between microwaves and photons, and microwave photonic links replace traditional microwave links as the basic building blocks of microwave photonic systems. In recent years, there has been growing interest in exploring novel microwave photonic techniques for diverse applications, such as microwave photonic filters [22,54,55], resonators [56], and so on. Moreover, microwaves possess long wavelengths, so it is relatively easy to manufacture large-sized microwave photonic crystals, enabling researchers to observe and measure phenomena such as topological boundary states. In microwave photonic crystals, the robust topological defect states in the metamaterial arrangement [28], split-ring resonator chain [48], dielectric resonators [41,57], parity–time-symmetric crystals [34], plasmonics [58], and more have been demonstrated. Meanwhile, the Su–Schrieffer–Heeger (SSH) model simulated by a microwave photonic system proved that non-trivial edge states and PT phases can coexist [59]. Scientists explored the development of a new sensor via the exceptional point of a non-Hermitian dimer chain [60], and it was found that microstrip resonators with complex typologies can achieve high-quality operating characteristics when excited by coaxial segments [61].



Nevertheless, the quality factors (QFs) of most resonators composed of traditional materials in the microwave region are relatively low, leading to topological edge states with high decay rates. Thus, the topological edge states cannot be observed directly, and this limits their applications due to the high losses. Superconducting resonators emerge as an ideal solution for the implementation of states with ultra-low decay rates, and electromagnetically induced transparency with a very large group delay has been observed in a circuit based on both directly and indirectly coupled superconducting resonators [62,63]. Furthermore, both the resonant frequencies and line widths (losses) of each resonator, as well as their coupling strength, can be precisely controlled; thus, three-pathway electromagnetically induced transparency and absorption can be implemented as a set [64]. The literature review is summarized in Appendix A Table A1.



In this work, we introduce a one-dimensional, topologically non-trivial photonic crystal in the microwave region utilizing coupled superconducting resonators, which provides a new platform for the investigation of topological photonics in the microwave regime. A high-quality-factor topological edge state is observed in a precisely designed microwave superconducting circuit. A theoretical model considering the decay rate of the topological edge states is established first. Subsequently, we fabricate the superconducting circuit according to the theoretical design. Finally, the circuit is measured with the two-port method, and the results are aligned with the theoretical calculations. It is essential to manipulate the coupling between the resonators in the experimental investigation of edge states in the SSH model. A straightforward solution is to resort to the dependence of the coupling strength on the distance [57,65]. In our setup, the distance between the resonators controls the coupling strength between the resonators.




2. Theory and Simulation


Figure 1 displays a schematic diagram of the material in each layer (Figure 1a), a photograph (Figure 1b) of the SSH microwave circuit, the circuit of a topologically trivial resonator (Figure 1c), and the circuit of a topologically non-trivial resonator (Figure 1d). This topologically non-trivial circuit consists of 10 resonators coupled pairwise, where the coupling strength between any two resonators is determined by their distance from each other. As the resonators grow further apart, the coupling strength becomes weaker. It is assumed that both resonators possess the same intrinsic loss (  γ 0  ), and the coupling strength between the first and second resonators is denoted by   κ 1  , while the coupling strength between the second and third resonators is denoted by   κ 2  . Additionally, the coupling loss from the input terminal to a resonator is denoted by   γ 1  , and that from the output terminal to a resonator is denoted by   γ 2  ; thus, the theoretical models can be described by the SSH model as follows [66]:


   [ ω I − H ]  A =  A in   



(1)




where I is a 10-dimensional unit matrix;   A =   (  A 1  ,  A 2  , . . . ,  A 10  )  T   , where   A 1   to   A 10   are the field amplitudes of the ten resonators, respectively; and  ω  is the frequency of the probe microwave field (  A in  ).   A in   denotes a 10-dimensional vector representing the input signal to the ports. If  γ  is defined as   (  γ 0  +  γ 1  +  γ 2  ) / 2  , the Hamiltonian of the systems in Equation (1) can be expressed as


  H =       ω 0  − i γ     κ 1    0   0   0   0   0   0   0   0      κ 1      ω 0  − i γ     κ 2    0   0   0   0   0   0   0     0    κ 2      ω 0  − i γ     κ 1    0   0   0   0   0   0     0   0    κ 1      ω 0  − i γ     κ 2    0   0   0   0   0     0   0   0    κ 2      ω 0  − i γ     κ 1    0   0   0   0     0   0   0   0    κ 1      ω 0  − i γ     κ 2    0   0   0     0   0   0   0   0    κ 2      ω 0  − i γ     κ 1    0   0     0   0   0   0   0   0    κ 1      ω 0  − i γ     κ 2    0     0   0   0   0   0   0   0    κ 2      ω 0  − i γ     κ 1      0   0   0   0   0   0   0   0    κ 1      ω 0  − i γ       











Theoretically, the physical states of the one-dimensional photonic crystal can be obtained by solving the eigen equation.   A in   in Equation (1) is defined as 0:


  [ ω I − H ] A = 0  



(2)







Thus, the equation describes the eigenstates of the crystal without an input signal. To obtain a non-trivial solution for Equation (2) by solving   | ω I − H | = 0  , 10 frequencies representing the eigenstates of the 10-resonator crystal are obtained and defined as   ω 1   to   ω 10  , and their corresponding eigenvectors are defined as   e 1   to   e 10  , respectively. In addition, the 10 elements in eigenvector   e i   represent the amplitude distribution from the first resonator to the tenth resonator in order at the frequency of   ω i  , which illustrates the distribution of the wave function in this eigenstate. Here,   e  i j    is denoted as the jth element of the ith eigenvector, where i represents the order of frequency (energy) from low to high and j represents the order of the resonator from left to right in Figure 1b.



However, in the real experimental measurement environment, the eigenvalues and eigenvectors cannot be observed directly, and an input probe signal must be guided into the crystal, which may severely affect the original state. To solve this problem, our designed measurement method contains 20 ports, as described above, each with one resonator with two coupling microstrip lines close to it, where one is for the input and the other is for the output. The couplings from the ports introduce extra losses to the system; thus, it is important to obtain both weak and precise coupling during the measurement. As illustrated in Figure 1, the ports are designed with the same weak coupling on either side of each resonator, and the coupling line is integrated as part of the crystal within the same circuit, ensuring precise control over the coupling strengths.



In the designed experimental system, the probe signal is transmitted into each resonator one by one. Firstly, the measurement of resonator j is taken as an example. Port   2 j − 1   is transmitted into probe signal   a p   and received at port   2 j  ; thus, the resonating amplitude of resonator j can be observed, and the transmission spectrum can be written as    T j   ( ω )    [64,67]. Then, it can be inferred that wave functions with different eigenvalues are superposed on resonator j. Assuming that the eigenvectors are all normalized,    T j   ( ω )    denotes the intensity representing the local energy (frequency) spectrum of the crystal at site j. Moreover, the other 9 intensities can be obtained by systematically changing the input and output ports one by one to show the local energy (frequency) spectra. Finally, the energy spectrum of the photonic crystal can be illustrated by adding the local intensities (   T j   ( ω )   ) together to obtain the total intensity (   T e   ( ω )   ):


          T j   ( ω )      ≃  ∑ i      γ 1     γ 2   k  e  i 1     ω −  ω i  + i  γ 0                    T e   ( ω )      =  ∑ j   T j   ( ω )          



(3)




where the coefficient k is used for normalization; then, the total intensity gives the eigenfrequencies by obtaining the local maximum from the curve. To further illustrate the energy distributions of all edge and bulk states, the relative local intensities can be read at the eigenvalues of   T 1   to   T 10  . For example, for the energy distribution at frequency   ω 1  , the intensity at each site (resonator) can be obtained by utilizing Equation (3) to find    T 1   (  ω 1  )   ,    T 2   (  ω 1  )   ⋯   T 10   (  ω 1  )   , respectively, and normalizing them to unity. The normalized local intensities should fit well with the theoretical results   e 11  ,   e 12  ⋯,   e 110  .



A simulation utilizing the method of moments with the full-wave EM simulator Sonnet is conducted to accurately implement the topological edge state in the circuit. Two different 10-resonator crystals are initially designed, with the one having   κ 1   >   κ 2  , referred to as Type I (topologically trivial), and the other with   κ 2   >   κ 1  , referred to as Type II (topologically non-trivial). Considering the Type I (topologically trivial) crystal, as shown in Figure 1c, the distance between the first and second resonators is   a 2   = 1 mm, while the distance between the second and third resonators is   a 1   = 2 mm. Additionally, the coupling strength   κ 1   =   2 π × 7.35   MHz is greater than   κ 2   =   2 π × 1.85   MHz. The intensity spectrum of the Type I crystal and its eigenfrequencies, depicted by black dots, are illustrated in Figure 2a. It can be observed that two isolated bands are separated by a gap and the resonating peaks are consistent with the theoretical calculations. The Type I crystal exhibits a relatively high intensity within the bands, while nearly approaching zero within the gap, as illustrated in Figure 2a. Through the simulation and calculation of the local intensity at the sixth eigenfrequency of the Type I crystal, a good fit between the simulation and calculation results is demonstrated (see Figure 2b).



The intensity here is obtained by summing over the local intensities at all sites by utilizing Equation (3), and each frequency point of the local intensity spectrum is normalized by the local energy (frequency) spectrum of each resonator at that eigenfrequency.



Next, a 10-unit Type II crystal (topologically non-trivial) is investigated, as depicted in Figure 1d. The distance between the first and second resonators is   a 1   = 2 mm, while the distance between the second and third resonators is   a 2   = 1 mm, which results in an interchange compared with the Type I crystal. Additionally, the coupling strength   κ 2   =   2 π × 7.35   MHz is greater than   κ 1   =   2 π × 1.85   MHz. Similarly, the eigenfrequencies are computed, and the intensity is simulated, as depicted in Figure 2c, showing excellent agreement. Compared with the results of the Type I chain, there is an additional state in the gap for the Type II chain. The simulations and calculations show that the local intensity of the new state is strongly localized at the two ends (see Figure 2d). Hence, it belongs to the edge state. Due to the corresponding relationship between the band gap and the passband, the gaps of the two types of crystals mentioned above are completely different [68].




3. Results and Discussion


The circuit was fabricated on a MgO substrate, with YBCO HTS thin films deposited on the top surface, as depicted in Figure 1a. Photographs of the samples can be seen in Figure 1b. The experimental circuit was measured with an Agilent N5230C vector network analyzer with an input power of 0 dBm at 65 K. Cryogenic conditions were maintained by using a commercial Stirling cryocooler with an output power of 6 W. The fabricated device was secured to the cold head of the cryocooler within a vacuum chamber. The tuning of the circuit was achieved by using sapphire tuning screws on the top cover to correct any fabrication errors. Although utilizing a MgO substrate with YBCO HTS thin films deposited on the top surface provides a platform for high-precision measurements and endeavors to minimize manufacturing errors, deviations in the resonator’s frequency may still occur. These deviations might arise from various factors, such as imperfections in the fabrication process, variations in material properties, or the environmental conditions during the measurements. Tuning the circuit with sapphire tuning screws helps to correct some of these fabrication errors, but it may not eliminate all frequency deviations.



In our experimental measurements, the eigenfrequencies of a Type II (topologically non-trivial) crystal were computed, and its intensity was measured. When comparing the measured, simulated, and calculated results of the intensity with the local intensity of the Type II crystal, a good fit can be observed among them, demonstrating the reliability and accuracy of our research findings, as shown in Figure 3. The rightward shift observed in the measurement results relative to the simulation is attributed to variations in relative permittivity (see Figure 3a). Furthermore, the measurements reveal that the local intensity of the new state is highly localized at the two ends, as illustrated in Figure 3b, indicating its classification as edge states. This stands in stark contrast to the bulk state within the band, where the local intensity is primarily distributed in the bulk, as seen in Figure 3c,d.



Additionally, to further validate our experimental method as a reliable tool for the study of microwave, topologically non-trivial crystals, the raw data of the transmission spectrum are compared with the theoretically calculated results. When a probe signal with amplitude   A p   couples to the ith resonator,   A  i n    = (0,...,   − i   γ 1    A p   ,...,0). Moreover, the jth resonator output resonating amplitude    A  o u t    ( j )    corresponds to     γ 2    A j    after solving Equation (1). Then, the field transmission in decibels of the jth resonator can be expressed as


      T j  = 20  log 10      A out   ( j )     A in   ( j )         



(4)







For instance, the input signal of the first resonator entering from port 1 is represented as    A in  =  ( − i   γ 1    A p  , 0 , ⋯ , 0 )   , and its output resonating amplitude exiting from port 2 is represented as    A out   ( 1 )    =     γ 2    A 1   . Therefore, the field transmission in decibels from port 1 to port 2 of the first resonator can be expressed as    T 1  = 20  log 10     A out   ( 1 )   /   A in   ( 1 )     . The transmission calculated from Equation (4) and the transmission measurement results of the jth resonator of the Type II crystal (topologically non-trivial) from   2 j − 1   to   2 j   are shown in Figure 4. It can be seen that our theoretical model is in good agreement with the measurement results. The QF value of the edge state is defined as the real part of its corresponding eigenfrequency   w 5   (or   w 6  ) divided by the imaginary part and then divided by 2. It can be expressed as


  Q F =   Re (  w 5  )   2 Im (  w 5  )   =   w 0   2 γ    



(5)







By considering both the coupling losses   γ 1   and   γ 2   and the resonator loss   γ 0  , the QF value of the edge state calculated by using Equation (5) is   Q F = 6073  . Without considering the coupling losses   γ 1   and   γ 2   introduced by the measurement, after removing the input and output ports, our experimental circuit only needs to consider the resonator loss   γ 0  . At this point, the quality factor (  Q F  ) of the experimental circuit can be represented as   Q F   = 15,886. This indicates that our circuit can achieve high performance and stability.




4. Conclusions


We designed and fabricated a one-dimensional, topologically non-trivial photonic crystal in the microwave region based on coupled superconducting resonators. The measured results show a clearly topological edge state in the microwave region and a high quality factor of 6000, which can be increased beyond 15,000 if the crystal is designed without the feedline for measurement. The measured results fit well with the theoretical model, proving that our proposed method provides a new platform for the investigation of topological photonics in the microwave regime. It may have a great number of potential applications due to the low decay rate.
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Table A1. The introduction of photonic crystals with their phenomena, systems and composition, and applications.






Table A1. The introduction of photonic crystals with their phenomena, systems and composition, and applications.





	
Photonic Crystal

	
Phenomenon

	
Systems and Composition

	
Applications






	
Topological photonic crystal

	
Topological edge states [19,20,24,25,26,32]

	
Gyromagnetic photonic crystal [18,19]

	
Fabrication of high-efficiency devices [10,12,13,14,15,16,17,18,23,25,26,35,36,50,51]




	
Antiscatter transmission [18,25,32]

	
Coupled resonators chain [23,24,25,26,42,52,53]

	
Ultra-high speed signal transmission [18,51]




	
Robustness [23,26,36,38,39,40]

	
Coupled spiral waveguides [24,32,33,34,35,36]

	
Optimization of device performance [18,25,26,35,36]




	
Nonlinear optical effects [9,10,45,50,51]

	

	




	
Topological phase transitions [6,33,35]

	

	




	
Microwave photonic crystals

	
Topological edge states [6,27,41,48,60]

	
Photon Weyl and Dirac system [6,21,28,38]

	
Antenna design [41,48,54,61,69]




	
Robustness [6,27,30,37,41,48]

	
Coupled resonant microcavities [5,6,27,41,48,57,60,61,62,63,64]

	
Band-pass filter [54,55,56,69]




	
Broadband tetherable and anti-electromagnetic interference [55,56,69]

	
Plasma [27,30,37,58]

	
Topological photonics [5,6,29,30,31,37,38,41,48,60,61]




	
One-way scattering [27,48]

	
Microcavity polaritons [5,29,30,31]

	
Optical delay line [54,55,56,69]




	
Nonlinear optical effects [5,6]

	

	




	
Photon Weyl and Dirac point [6,21,28,38,41]
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Figure 1. (a) A schematic diagram of the material; (b) a photograph of the circuit implementing the topologically non-trivial photonic crystal; (c) a circuit of ten indirectly coupled, topologically trivial resonators. The YBCO film has a conductivity of approximately   10 13   S/m and a thickness of 600 nm. The substrate is MgO with dimensions of 47.6 mm × 10 mm × 0.5 mm, and its relative permittivity is 9.74675. The depth of the air layer below the top cover is 5 mm. The dimensions in the circuit are as follows:    w 1  = 0.5   mm,    w 2  = 2.56   mm,    l 1  = 2.62   mm,    l 2  = 4.08   mm,    a 1  = 2   mm,    a 2  = 1   mm,    a 3  = 1.5   mm, and   d = 0.28   mm. The number of turns of each spiral resonator is 5. The line width and line spacing are both 0.08 mm in the spiral resonators. (d) Circuit of ten indirectly coupled, topologically non-trivial resonators. 
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Figure 2. (a) Calculated eigenfrequencies (black dots) and simulated intensity with loss (blue profile); (b) local intensity profiles of the bulk state in the pass band under a topologically trivial structure (calculation: f = 1307.65 MHz; simulation: f = 1307.73 MHz); (c) calculated eigenfrequencies (black dots) and simulated intensity with loss (blue profile); (d) simulation (blue line) and calculation (red line) of the local intensity distribution of the edge state in the presence of a topologically non-trivial structure (calculation: f = 1301.86 MHz; simulation: f = 1301.86 MHz). 
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Figure 3. (a) The calculated eigenfrequencies (black dots), the simulated intensity with loss (blue line), and the measured intensity with loss (red line) in the presence of a topologically non-trivial structure. (b) Local intensity distribution of the edge state (measurement: f = 1301.86 MHz; simulation: f = 1301.86 MHz; calculation: f = 1301.86 MHz). (c) Local intensity profiles of the bulk state in the pass band (measurement: f = 1308.73 MHz; simulation: f = 1307.93 MHz; calculation: f = 1307.87 MHz). (d) Local intensity profiles of the bulk state in the pass band (measurement: f = 1310.74 MHz; simulation: f = 1310.18 MHz; calculation: f = 1310.04 MHz). 
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Figure 4. The transmission characteristics of the first five resonators as functions of the frequency in the presence of a topologically non-trivial structure. The parameters used to calculate the transmission are as follows:   w 0   =   2 π × 1302.66   MHz,   κ 1   =   2 π × 1.85   MHz,   κ 2   =   2 π × 7.35   MHz,   γ 1   =   2 π × 0.0185   MHz,   γ 2   =   2 π × 0.114   MHz, and   γ 0   =   2 π × 0.082   MHz. 
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