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Abstract

:

Superconducting split-ring resonator arrays allow to overcome two main limitations affecting metallic metamaterial resonating in the terahertz (THz) range: ohmic losses and tunability of their optical response. In this work, we design and experimentally realize direct and complementary square arrays of superconducting YBa2Cu3O7 (YBCO) split-ring resonators working in the THz spectral range. The main purpose of this paper is to show how the metamaterial resonances can be tuned by temperature (T) when crossing the superconducting transition temperature Tc of YBCO. The tuning property can be quantified by describing the THz transmittance of the patterned YBCO films vs. T through a model of coupled resonators. This model allows us to estimate the THz resonances of split-ring arrays and their interaction, showing how the kinetic inductance Lk in the superconducting state is the main parameter affecting the metamaterial properties.
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1. Introduction


Metamaterials (MMs) are artificial engineered systems exhibiting a geometrically scalable electric and/or magnetic resonant response in a broad spectral range from microwaves to visible [1,2,3,4,5,6,7,8,9]. Indeed, thanks to specific patterning, the optical response of these systems can be engineered with respect to the original material, paving the way to innovative opto-electronic applications.



The most widely spread MMs are constituted of periodically patterned thin metallic films deposited on a dielectric substrate, enabling to trigger unusual electromagnetic properties, ranging from superlenses [10] to sensors [11,12], light induced transparency [13], chiral devices [14], filters [15], and modulators [16]. However, two main issues limit the practical applications of metallic metamaterial devices: ohmic losses and tunability. For operational frequencies increasing toward the terahertz (THz), infrared, and visible range, ohmic losses are strongly enhanced, reducing the quality factor of resonances and therefore their tunability. To overcome these drawbacks, the use of superconducting materials has been proposed and innovative metamaterial structures have been realized [17,18,19,20,21,22,23,24]. Several works showed the low-loss properties of superconductors at finite frequency and their sensitivity to external stimuli, such as temperature, magnetic field, and light-pulses, which can be exploited to provide a robust tunability of the device response [19,20,21,22,23,24]. These stimuli affect the superconducting state in a different way [25]. While temperature and magnetic field normally change the thermodynamic equilibrium of a superconductor, an optical pulse with a frequency over the superconducting gap instantaneously creates a metastable state with an excess of unpaired electrons. This also provides an effective way for modulating the superconducting state and finally the resonance frequency of a metamaterial [26]. More specifically, high-temperature superconductor cuprates (HTSCs) are the suitable candidate for facing this challenge since they provide a much broader frequency range of tunability compared to conventional Bardeen–Cooper–Schrieffer (BCS) superconductors, extending beyond 10 THz [27,28]. Furthermore THz radiation is a highly interesting spectral range for multidisciplinary research in physics, chemistry, biology, materials science, and biomedicine [29]. New R&D projects are needed for the realization of high-power compact THz sources, more sensitive detectors, and new metamaterial-based THz optical components [29]. In this framework, superconductors can be used for developing tunable devices in the THz spectral range [30,31,32,33,34]. In this work, we report on the fabrication and optical response in the THz spectral range of square arrays of direct and complementary split-ring resonators (SRRs) composed of high-Tc cuprate YBCO (see Figure 1a,b, respectively). The temperature modulation of their THz resonances is described in terms of a circuit representation (commonly used in the microwave spectral range and extended to THz), according to which SRRs act as an RLC circuit, taking into account both the THz response of the single split-ring resonator and their collective interactions. We experimentally determine the surface impedance Zs and kinetic inductance Lk of SRRs from the temperature dependence of the THz resonances, induced by the increasing inductive response when the temperature is lowered below Tc. The experimental determination of the kinetic inductance is of fundamental importance, it being responsible for the tuning of the metamaterial optical response. In this article, in comparison to previous work on superconductive THz metamaterials, we show a method to study and quantify the coupling between resonators across the superconductive phase transition.




2. Materials and Methods


2.1. YBCO Film Synthesis and Patterning


Direct and complementary split-ring resonator square arrays (see Figure 1a,b) were fabricated through electron beam lithography (EBL) on two identical commercial 200 nm thick optimally doped YBa2Cu3O7 films grown on a 500 μm thick Al2O3 substrate. YBCO films, provided by THEVA (Ismaning, Germany), were grown by reactive thermal coevaporation and exhibit an average surface roughness of 6–10 nm. The desired metamaterial pattern was transferred by electron beam lithography to a resist coating and a wet etching in 0.075% nitric acid, allowing the removal of the noncovered YBCO. Metamaterial parameters were chosen to have both the LC and dipolar resonance frequencies in the 0.5 to 4 THz range, below the YBCO superconducting gap. Figure 1a,b show scanning electron microscopy (SEM) pictures of the direct and complementary MMs together with their geometrical details. The single SRR has a side length l = 20 μm, width w = 5 μm, and gap g = 5 μm, while the SRR lattice parameter is a = 30 μm. Dark areas refer to YBCO film, whereas light areas refer to the Al2O3 substrate. As can be inferred, the complementary structure shares the same geometry of the direct one, with inverted YBCO and Al2O3. To measure the superconductive properties of the patterned film, magnetic moment measurements were performed on both direct and complementary samples, as a function of temperature. The magnetic moment measurements were performed through a vibrating sample magnetometer (VSM) by Oxford Instruments between 50 and 90 K. This measure is totally contact-free, so no electrical contacts were placed on the sample. Figure 1c shows that the direct SRR array has a critical temperature Tc = 83 K, in agreement with the nominal value from THEVA, while the complementary one has a slightly lower Tc of ∼81 K. The slight shift in Tc and the reduced jump in the magnetic moments at Tc are probably related to the differences in YBCO content between the direct and complementary patterned films: in the direct case, YBCO is left just where SRR structures are present; in the complementary case, instead, YBCO is everywhere but where SRRs are drawn.




2.2. Optical Measurements


Fourier transform infrared spectroscopy (FTIR) transmission measurements in the THz range were carried out with a Bruker Vertex 70v spectrometer, scanning from 0.5 to 4 THz. An Infrared Labs Germanium Bolometer detector was used in this spectral range. A continuous-flow liquid helium cryostat was employed to perform transmittance measurements at temperatures ranging from 6 K up to 110 K with an uncertainty of 0.5 K. The transmittance of the arrays was measured at normal incidence and normalized with respect to that of the bare Al2O3 substrate. The SRR array optical response is sensitive to the electric field polarization [35,36]. Measurements were performed with the radiation electric field perpendicular to the gap for the direct device, and parallel to the gap for the complementary one. This is due to Babinet’s principle, which implies that the transmittance of the direct SRR is reciprocal to the transmittance generated by the complementary array when the polarization of the radiation is rotated by 90° between the two structures [37,38]. In this regard, a polyethylene-based metallic wire polarizer with an efficiency of 99% was used. The transmittance spectra at different temperatures were analyzed with the MATLAB® software in order to assess the temperature dependence of the parameters associated with the metamaterial resonances (see Figure 2).





3. Results and Discussion


As previously mentioned, normal-incidence transmittance measurements were performed on both direct and complementary SRRs in the range of 0.5 to 4 THz at different temperatures, ranging from 6 K to 110 K and crossing Tc. For each temperature, the transmittance was normalized with respect to that of the bare Al2O3 substrate, to isolate the SRR contribution. Figure 2 shows the normalized transmittance for both direct and complementary devices at four different temperatures. The fitting curves (empty symbols) at 6 K and 110 K are shown as well. More specifically, Figure 2a reports the transmittance spectra for the direct device, with the electric field polarized perpendicular to the SRR gap, and Figure 2b for the complementary one, with the electric field polarization rotated by 90°, as shown in the insets and in agreement with the Babinet principle [39,40]. Indeed, the latter implies that the transmittance of the two SRR arrays is complementary given a 90° rotation of the polarization between the two structures [37,38]. When the electric field is polarized perpendicular to the SRR gap (for the direct case), two main resonances appear. The one at lower frequency (located at about 1 THz) is called LC resonance [41], since the electric field couples with the geometric capacitance and inductance of the SRR, generating a closed resonant circulating current inside the metallic ring. This resonance is also defined as “magnetic” because the time-varying current creates a magnetic dipole moment perpendicular to the ring plane. The second resonance, instead, appears at higher frequency (around 2.7 THz) and is called dipolar because it is characterized by the excitation of an electric dipole along the SRR arm opposite the gap. These features appear as dips in the direct device and as peaks in the complementary one, and become broader and weaker for increasing temperature.



The transmittance    T  d i r    ( ν , T )    of the direct array (complementary,    T  c o m p    ( ν , T )    = 1 −    T  d i r    ( ν , T )   ) can be expressed through the following equation, already used in Reference [42] and here properly modified to take into account LC and dipolar resonance contributions simultaneously:


   T  d i r    ( ν , T )  =  T 0    1 +   ( 1 +   β  L C   2  )  2   Q  L , L C  2    (  ν  ν  L C    −   ν  L C   ν  )  2    1 +  Q  L , L C  2    (  ν  ν  L C    −   ν  L C   ν  )  2      1 +   ( 1 +   β  D i p   2  )  2   Q  L , D i p  2    (  ν  ν  D i p    −   ν  D i p   ν  )  2    1 +  Q  L , D i p  2    (  ν  ν  D i p    −   ν  D i p   ν  )  2     



(1)




where   T 0   is the transmittance level far from the resonances,   ν  r e s    (  r e s   = LC, Dip) is the resonance frequency,    Q  L , r e s   =   ν  r e s    Γ  r e s      is the loaded quality factor,   Γ  r e s    being the resonance width, and   β  r e s    is the coupling coefficient among different resonators. Since the equation is written in a product form, it is still valid when one of the two resonances is absent, with its corresponding term in the product going to 1. This equation, usually used in the microwaves region [42], takes into account both the resonating behavior of the single split-rings and their mutual interaction through the  β  coefficients.



Equation (1) was employed to fit experimental transmittance data, as shown for two representative temperatures (6 and 110 K) in Figure 2a,b by open symbols. From the fitting, we extracted the temperature dependence of   ν  r e s   ,   Γ  r e s   , and   β  r e s   , which are represented in Figure 3 and Figure 4 for the direct and complementary array, respectively. All the parameters exhibit a variation in temperature. More in detail, for the direct SRR array, both the LC and dipolar resonance frequencies display a nonmonotonic behavior with temperature with a dip slightly below Tc (black vertical point-dashed line), corresponding to a redshift of 8% and 2% for the LC and dipolar resonance frequencies, respectively. The smaller redshift of the dipolar resonance frequency is due to its proximity to the YBCO superconducting gap. Indeed, by approaching the superconducting gap, the optical conductivity (real and imaginary part) of a superconductor is progressively less affected by the superconducting transition. The line width for both resonances exhibits a step-like behavior: from 110 K until 6 K, the line width of both LC and dipolar resonances decreases by a factor of ≃3, improving resonance selectivity. Finally, the coupling coefficient among different resonators ( β ) shows a robust increasing behavior while moving from the normal to the superconducting phase. In particular, for both resonances,  β  is nearly zero above Tc, when the material is not superconductive, indicating that each SRR of the system resonates individually, i.e., there is a negligible interaction among split-ring resonators. This interaction strongly increases in the superconducting state, where electrical properties are improved, and the positive sign of both  β  indicates that both the electric and magnetic fields are involved in the resonator coupling, as explained in [43].



In the complementary SRR device, a similar trend is observed for all the parameters. A modulation of 18% and of 2% for the LC and dipolar resonance frequencies is observed, respectively. Similarly to the case of the direct device, the line width for both resonances decreases by a factor of ≃2. Finally, the coupling coefficient  β  changes by a factor of 18 for the LC resonance, and by a factor of 5 for the dipolar one. Table A1 and Table A2 report the loaded quality factors of both LC and dipolar resonances for direct and complementary devices as a function of temperature. For both devices, the dipolar resonance has a higher quality factor than the LC one, and for both the resonances the quality factors increase by reducing temperature due to the reduction of ohmic losses.



We can compare our results with the ones obtained in the work by Thomas Cai Tan et al. [44], where they obtained, with a direct gold SRR array (40 μm periodicity), a Q factor for the LC (dipolar) resonance of Q = 2.2 (1.1). In our YBCO system, although its DC resistivity at 300 K (normal phase) is about 1000 μcm, i.e., nearly a factor of 500 higher than that of gold (∼2 μcm), below Tc we obtained a Q factor of the LC resonance of Q = 2.8 and Q = 6 for the dipolar one.



In light of the aforementioned results, kinetic inductance of the SRR arrays can be calculated to understand how the onset of the superconducting state affects the metamaterial optical response. This parameter can be obtained from the relation    L k  ≃  ( p / w )   (  X s  / 2 π ν )   , where p is the SRR perimeter, w its width, Xs the surface reactance, i.e., the imaginary part of the surface impedance Zs, and  ν  the frequency [45].



Being a property of the YBCO film, the surface impedance was extracted from the complex optical conductivity as measured in an unpatterned YBCO film at a fixed frequency  ν  = 0.8 THz, close to the LC resonance frequency of the metamaterial [46,47,48]. This is possible by approximating the unpatterned film as a lumped impedance in an equivalent transmission line model, as shown by Chen et al. [45]. The real part of the surface impedance determines the power absorption in a metal, caused by nonsuperconducting carriers, while the imaginary part accounts for the phase difference between incident electric field and the induced current density in the material, and is largely determined by superconducting Cooper pairs [25]. In the superconducting state, Xs dominates over Rs, whereas in the normal state, the opposite holds. Figure 5 reports the real and imaginary parts of the surface impedance (a) as a function of temperature at a fixed frequency  ν  = 0.8 THz, and the kinetic inductance as a function of temperature for both direct and complementary SRRs calculated at the LC resonance frequencies (values showed in Figure 3a and Figure 4a,b).



The slight difference in the kinetic inductance values of the two devices is ascribed to the slight change between the LC resonance frequency values of the two arrays. As can be noticed, the kinetic inductance has a maximum near Tc, directly affecting the strong variation of both LC and dipolar resonance frequencies around this temperature. Indeed, in a first approximation,    ν  r e s   = 1 / 2 π   (  L g  +  L k  )   C  , where C, Lg, and Lk are the capacitance, the geometric, and the kinetic inductance of the resonators. Therefore, the maximum in Figure 5b explains the minimum of the LC and dipolar resonance frequencies around Tc. This trend was already observed in other superconducting metamaterials, as described in Reference [28].




4. Conclusions


In this work, we demonstrated that a high-Tc YBa2Cu3O7 superconductor can be employed to tune the split-ring resonator optical response in the terahertz spectral range by crossing the critical temperature of the superconductor. Interpreting SRRs as RLC circuits, we demonstrated that for T < Tc, the inductive response (Xs) of the circuit dominates over the resistive one (Rs), inducing a modulation of the optical response of both direct and complementary devices. More specifically, the reduction of ohmic losses due to the superconducting transition makes LC and dipolar resonances stronger, with smaller line widths and larger coupling coefficients. Moreover, the strong increase of the kinetic energy, and therefore of the kinetic inductance Lk, in the superconducting state introduces a huge modulation of the resonances. Different superconducting metamaterial geometries, including fractal [49] and magnetic field enhancing shapes [50], will be investigated in the future to further study their use for opto-electronic applications.
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Appendix A


LC and Dipolar Resonances Quality Factors


In the following, the loaded quality factors associated with both LC and dipolar resonances of direct and complementary devices as a function of temperature are reported.
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Table A1. Loaded quality factors associated with both LC and dipolar resonances for direct device at different temperatures.






Table A1. Loaded quality factors associated with both LC and dipolar resonances for direct device at different temperatures.





	Temperature (K)
	QL,LC
	QL,Dip





	6 K
	2.79
	6.05



	20 K
	2.87
	6.05



	50 K
	2.32
	5.14



	75 K
	1.36
	3.20



	80 K
	0.98
	2.57



	85 K
	1.01
	2.45



	100 K
	0.88
	2.39



	105 K
	0.88
	2.39



	110 K
	0.88
	2.39
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Table A2. Loaded quality factors associated with both LC and dipolar resonances for complementary device at different temperatures.






Table A2. Loaded quality factors associated with both LC and dipolar resonances for complementary device at different temperatures.





	Temperature (K)
	QL,LC
	QL,Dip





	6 K
	3.75
	6.23



	20 K
	3.51
	5.69



	50 K
	2.91
	5.34



	75 K
	1.79
	3.36



	80 K
	1.74
	3.38



	85 K
	1.59
	3.19



	100 K
	1.74
	3.00



	105 K
	1.74
	3.00



	110 K
	1.67
	2.89
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Figure 1. SEM pictures of the direct (a) and complementary (b) SRR devices. Dark areas mark YBCO film, while light areas mark Al2O3 substrate. The geometrical details are l = 20 μm, g = 5 μm, w = 5 μm, and a = 30 μm. (c) Magnetic moment measurements for the direct and the complementary device, respectively. 
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Figure 2. Experimental transmittance spectra for direct (a) and complementary (b) SRR arrays at different temperatures. In both cases, the fitting curves (empty symbols) at 6 K and 110 K are reported, too. The insets show a sketch of the optical measurement configuration for direct (a) and complementary (b) SRR arrays with the corresponding electric field polarization: perpendicular with respect to the SRR gap (a), and parallel with respect to the complementary SRR gap (b). Yellow areas indicate YBCO, and light-blue areas indicate Al2O3 substrate.    I 0   ( ν )    indicates the incoming radiation, whereas    I T   ( ν )    indicates the transmitted one. 
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Figure 3. Fitting results (empty symbols) for the direct SRR device vs. T, as obtained by using Equation (1) applied to data in Figure 2a. The dashed color lines are a guide for the eyes. Error bars correspond to the size of diamond symbols. Panels (a,c,e) show the resonance frequency    ν  L C    , the line width    Γ  L C    , and the coupling coefficient    β  L C     of the LC resonance; (b,d,f) show the the same quantities for the dipolar resonance. The black vertical point-dashed lines underline the YBCO critical temperature Tc = 83 K. 
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Figure 4. Fitting results (empty symbols) for the complementary SRR device vs. T, as obtained applying Equation (1) to data in Figure 2b. The dashed color lines are a guide for the eyes. Error bars correspond to the size of diamond symbols. Panels (a,c,e) show the resonance frequency    ν  L C    , the line width    Γ  L C    , and the coupling coefficient    β  L C     of the LC resonance; (b,d,f) show the same quantities for the dipolar resonance. The black vertical point-dashed lines underline the YBCO critical temperature Tc = 81 K. 






Figure 4. Fitting results (empty symbols) for the complementary SRR device vs. T, as obtained applying Equation (1) to data in Figure 2b. The dashed color lines are a guide for the eyes. Error bars correspond to the size of diamond symbols. Panels (a,c,e) show the resonance frequency    ν  L C    , the line width    Γ  L C    , and the coupling coefficient    β  L C     of the LC resonance; (b,d,f) show the same quantities for the dipolar resonance. The black vertical point-dashed lines underline the YBCO critical temperature Tc = 81 K.



[image: Applsci 12 10242 g004]







[image: Applsci 12 10242 g005 550] 





Figure 5. (a) Surface resistance (Rs) and reactance (Xs) associated with the unpatterned YBCO film as a function of temperature. The complex quantity was calculated by using experimental complex conductivity of the unpatterned YBCO film at a fixed frequency  ν  = 0.8 THz, around the LC resonance frequency of the metamaterial. (b) Kinetic inductance calculated at the LC resonance frequency, whose values are depicted in Figure 3a and Figure 4a, as a function of temperature for both direct and complementary devices. 
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