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A terahertz isolator is demonstrated for the THz nonreciprocal reflections in the magneto-optical microstructure composed of InSb and metasurface with a dielectric interlayer. In the Voigt magnetic field configuration, the reflectance of the p-polarization waves obliquely impinging on the InSb wafer exhibits high nonreciprocity, while the reflectance of the s-polarized wave is reciprocal. Based on the unique magneto-plasmonic modes on the InSb surface, the nonreciprocal reflection in this device can be enhanced by using the destructive interference between the direct reflection and the multiple reflections in the resonance cavity between the InSb and metasurface. After the optimization, the isolation power of the device exceeds 55 dB with the insertion loss of only −3.92 dB under a very weak magnetic field of 0.2 T at room temperature. More importantly, the introduction of the metasurface can reduce the operating frequency of the isolator from 2.434 to 2.136 THz. This low-loss, weak magnetic field, room temperature operating, and high isolation THz isolator shows its broad potential in THz application systems.

Keywords: terahertz, isolators, magneto-optical device, metamaterials, surface plasmon


INTRODUCTION

The rapid development of terahertz (THz) science and technology has a high impact on fundamental science and practical applications, such as security, imaging, spectroscopy, and wireless communications, among others [1–4]. As the high-power THz sources and high-sensitive detectors develop rapidly, high-performance THz functional devices are also crucial to the further development of THz applications, such as modulator [5], filter [6], absorber [7], polarizer [8], and isolator [9], which can control and modulate THz waves in an efficient way. Among these devices, high-performance THz isolators are still in an urgent demand due to the lack of THz magneto-optic (MO) materials and the limitation of device fabrication. An isolator is a nonreciprocal device that allows light propagation in one direction and prevents the back-reflected light from passing in the opposite direction, which plays a crucial role in source protection, impedance matching, and noise-canceling [10, 11].

The ferrite isolators based on different nonreciprocal phenomena at the microwave regime, such as resonance absorption, Faraday rotation, and field displacement, have been implemented in many different media [12]. At visible and infrared wavelengths, the optical isolator typically relies on the Faraday effect and a pair of polarizers with relative 45° orientations to prevent the back-reflected beam from reaching the laser source [13]. However, both methods of using ferrite isolators at microwave frequencies and Faraday isolators at the infrared regime are inappropriate for THz frequencies, so the THz nonreciprocal transmission principles still need to be investigated more deeply. Recently, some materials have been explored as a suitable Faraday medium, such as high-mobility semiconductors [14, 15], graphene [16, 17], ferrofluids [18], and magnetic materials [10]. For example, Tamagnone et al. demonstrated a high-performance isolator based on graphene with the isolation of 18 dB and the insertion loss of 7.5 dB in an applied magnetic field of 7 T [17]. In 2017, Poumirol et al. observed the strong magneto-plasmonic resonances in continuous and patterned graphene at 250 K and 7 T, the magnetic circular dichroism and Faraday rotation can be modulated in intensity and tuned in frequency [19]. In 2018, Lin et al. reported a nonreciprocal THz reflective optical isolator of InSb with the Voigt MO configuration, and the isolation power of the device exceeds 35 dB with the insertion loss of only −6.2 dB [20]. Nevertheless, the present THz isolators are still limited to the large insertion loss, extremely high magnetic field, and low-temperature condition.

Recently, the introduction of MO materials into artificial microstructures provides a new strategy for the development of high-performance tunable THz MO devices. For example, Tan et al. developed a magnetically tunable gyrotropic P-B metasurface, which can obtain a broadband working frequency of 1.02–1.7 THz with the sweeping deflection angle from 36.6 to 83.5° and realize a nonreciprocal absorption with the isolation of 24 dB [21]. Li et al. investigated the THz faraday rotation of magneto-optical films enhanced by helical metasurface, the Faraday effect of the YIG metasurface is about three times that of the pure YIG film [22]. Moreover, the nonreciprocal dispersion of surface magneto-plasmons has been proposed for the one-way THz devices. Hu et al. proposed a one-way device based on nonreciprocal surface magneto plasmons, and the one-way-propagating frequency band can be broadly tuned by the external magnetic fields, which can be used to realize various high performance tunable plasmonic devices such as isolators, switches, and splitters [23]. Besides, some preliminary theoretical works for THz isolators have employed MO metasurfaces. Chen et al. have reported some THz nonreciprocal devices based on magneto microstructures composed of InSb to achieve high isolation ratio of over 40 dB [24]. Fan et al. proposed a THz nonreciprocal isolator based on a magneto-optical microstructure, where the nonreciprocal transmission of the InSb film is converted and enhanced by a pair of orthogonal artificial birefringence gratings, and the isolation reaches 24 dB with the insertion loss is <0.5 dB at room temperature and a low magnetic field [25]. But most of the reports show that the performance of MO isolators still needs to be improved in isolation, insertion loss, and operating frequency at room temperature.

In this paper, we introduce THz MO material into the artificial microstructure to form a resonance cavity between the InSb and metasurface, which realizes a THz reflective isolator in the Voigt MO configuration at room temperature. The unique nonreciprocal magneto-plasmonic properties of InSb/dielectric interface is demonstrated for the THz nonreciprocal reflections, and it can be enhanced by using the destructive interference between the direct reflection and the following multiple reflections in the resonance cavity between the InSb and metasurface. The results show that a high-performance THz optical isolator is achieved in the proposed MO microstructure at 2.136 THz, and the isolation power of the device exceeds 55 dB with the insertion loss of −3.92 dB under a weak magnetic field of 0.2 T at room temperature of 300 K.



RESULTS AND DISCUSSIONS


Magneto-Optical Property of InSb in the THz Regime

The MO material in this work is the InSb that possesses a temperature-tunable charge carrier density and high electron mobility [26]. When the biased magnetic field B is applied parallel to the InSb surface along the y direction, the dielectric function of InSb becomes a nonreciprocal tensor, which can be described by Han et al. [27], Fan et al. [9], and Chen et al. [24].
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where three different tensor components can be expressed as: [28, 29]
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where ε∞ = 15.68 is the high-frequency limit permittivity, and the cyclotron frequency ωc is proportional to the magnetic field B by ωc = eB/m*, where B is the magnetic flux density, e is the electron charge, m* is the effective mass of the carrier, m* = 0.014 me, and me is the mass of electron. γ = e/(μm*) is the collision frequency of carriers, where μ is the carrier mobility, μ = 7.7 × 104 (T/300)−1.66 cm2·V−1·s−1 [30, 31]. ωp is the plasma frequency, defined as ωp = (Ne2/ε0m*)1/2, where ε0 is the free-space permittivity; N is the carrier density, and the N strongly depends on the temperature T, which follows [32, 33]
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where kb = 8.625 × 10−5 eV/K is the Boltzmann constant. εph is the phonon contribution to the dielectric function, where γph = 3.77 THz is the phonon damping rate, the transverse and longitudinal optical phonon frequencies are ωt and ωl, respectively, and ωt/2π = 5.90 THz, ωl/2π = 5.54 THz [15]. Therefore, the dielectric property of the InSb greatly depends on the magnetic field B and the temperature T. Under a weak magnetic field, the spin magnetic moment of free carrier in InSb will strongly couple with the external magnetic field, which forms the magnetized plasma with its cyclotron resonance frequency ωc just falling in the THz band.



Nonreciprocal Reflectance of InSb Based on Magneto-Plasmonics

Firstly, we investigate the nonreciprocal of reflectance for the pure InSb at room temperature, and its schematic design is displayed in Figure 1A. THz waves are incident obliquely in the x–z plane on the devices with the linear p-polarization (i.e., THz electric field in the x–z plane), and an external magnetic field is applied in the Voigt geometry along the y axis. The Maxwell's equations and the continuity conditions for the fields [image: image] and [image: image] can be used to calculate the reflected THz amplitude at the air/InSb interface. The amplitude reflection coefficients rp and rs of the p- and s-polarized waves at the air/InSb interface can be expressed as follows [34], and the detailed derivation process can be found in Supplementary Material:
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where α is the oblique incidence angle to the air/InSb interface (Figure 1A), [image: image] is the refracted angle inside InSb given by Snell's law [image: image]. The refracted angle [image: image] in the p-polarization is different from [image: image] and is given by the wave vector k = (ω/c)(sinα, 0, κ), where [image: image]. Therefore, the magneto-optical property of the InSb wafer at room temperature depends not only on the external magnetic field but also strongly on the incident angle. According to Equations (2) and (4), the complex reflection coefficient rp of the p-polarized wave are different for positive and negative angles α, resulting in a nonreciprocal reflection in the forward and backward directions, rp(+α) ≠ rp(−α), as shown in Figure 1B. Here, the difference between rp(+α) and rp(−α) is benefit from the difference is benefit from the nonreciprocity of the excited magneto-plasmonic mode, this nonreciprocity causes the coupling frequency of the forward and backward transmitted waves and the magneto-plasmonic to be different, one at high frequency and the other at low frequency, thus the coupling frequency splits. In fact, the degree of splitting is determined by the magnetic resonance frequency, which is proportional to the external magnetic field. Note that the reflectance of the s-polarized wave is reciprocal, according to Equation (5).


[image: Figure 1]
FIGURE 1. (A) Schematic diagram of the THz optical isolator for the InSb wafer with magnetic field along the y axis. A THz beam is incident in the x–z plane with the incident angle of α and is p-polarized. (B) The reflection spectrum of the forward wave and backward wave when α = 60° and B = 0.2 T.


We theoretically calculated the forward reflectance R(+α) = −20 × log[rp(+α)] and the backward reflectance R(−α) = −20 × log[rp(−α)] with the external magnetic field increases from 0 to 0.4 T when the oblique incidence angle α = 60, as shown in Figures 2A,C by using Equations (2–4). In the absence of an external magnetic field, εzx = −εxz = 0 and εxx = εyy, which leads to a reciprocal reflection R(+α) = R(−α) on the air/InSb interface. When the external magnetic field is applied, the incident THz waves are strongly resonant with the magnetized plasma on the surface of InSb, forming the magneto-plasmonic mode. This surface mode is localized on the dielectric/InSb interface and the incident THz waves cannot be reflected, so some dark blue regions occur in Figures 2A–D, which just correspond to the very low reflection of the magneto-plasmonic mode. More importantly, as the external magnetic field increases, this mode splits: the resonance mode of forward reflection gradually moves to the higher frequency, while the resonance mode of the backward reflection gradually moves to the lower frequency. A huge difference R(+α)≠R(−α) happens in the resonance frequency band at a certain magnetic field, which means a strong nonreciprocal reflection in the forward and backward directions defined as the isolation Iso = R(+α)−R(−α). Two different isolation bands for forward (yellow region) and backward (dark blue region) reflections are shown in Figure 2E, and the maximum isolation can be obtained under an external magnetic field of 0.2 T. Moreover, the forward reflectance, the backward reflectance and the isolation with the increase of the incident angle from 45 to 75° are shown in Figures 2B,D,F, when the external magnetic field is fixed at 0.2 T. The resonance and isolation peaks of the forward and the backward reflections gradually move to the high frequency.


[image: Figure 2]
FIGURE 2. The calculated reflections of the forward R(+α) (A) and backward wave R(−α) (C), and the isolation Iso (E) for the InSb wafer with the different external magnetic fields at room temperature of 300 K when α = 60°. The calculated reflections of the forward R(+α) (B) and backward wave R(−α) (D), and the calculated isolation Iso (F) for the InSb wafer with the different incident angles at room temperature when B = 0.2 T.


The two key performance parameters of the isolator need to be pointed out: one is the insertion loss, which depends on the reflectance of the forward or backward beam; the other is the isolation between the forward reflectance and backward reflectance. A relatively large isolation can be achieved in Figure 2F with the incident angle of around 60 or 73°. Here, we choose the optimized incident angle of 60° with the comprehensive consideration of the insertion loss and isolation. The simulation results from CST simulation shown in Figure 1B indicate that a nonreciprocal reflection can be obtained in the InSb with the optimized oblique incident angle of 60° under a weak magnetic field of 0.2 T: the reflectance in the forward direction is high, and the backward traveling beam is absorbed by InSb, so that the reflectance in the backward direction is almost zero. At 2.434 THz, the isolation is Iso = R(+α)−R(−α) = 38.2 dB and the insertion loss R(+α) = −5.8 dB. Moreover, the isolation at 2.929 THz is Iso = R(−α)−R(+α) = 21.4 dB with the insertion loss R(−α) = −14.3 dB.



Nonreciprocal Reflectance of MO Microstructure by Combining InSb With Metasurface

Furthermore, we designed a THz optical isolator by combining InSb with metasurface, the magnetic field is applied along the y axis in the Voigt geometry, and the linear p-polarized THz wave is incident on the MO microstructure at a certain oblique incident angle α to achieve a nonreciprocal reflection, as shown in Figure 3A. A periodically patterned metasurface with a thickness of 200 nm is coated on the silica spacer layer with a thickness of d = 50 μm. The unit cell of the patterned metasurface is labeled in Figure 3B, and the unit cell period P = 60 μm along the x and y axis. The outside length of the square ring is l = 57 μm with the width is w = 2 μm. The diameter of the inner ring is D = 49 μm. The bottom layer is the InSb wafer substrate with a thickness of 500 μm.


[image: Figure 3]
FIGURE 3. (A) Schematic diagram of the proposed THz optical isolator for the InSb with metasurface. (B) The geometry of the unit cell metasurface, P = 60 μm, l = 57 μm, w = 2 μm and D = 49 μm. (C) Multiple reflections and interference model of the proposed THz optical isolator for the InSb with metasurface. (D) The reflection spectrum of the forward wave and backward wave when α = 55° and B = 0.2 T.


As depicted in Figure 3C, the model contains two interfaces: the top air/metasurface interface and back dielectric/InSb interface. A plane wave incident upon the isolator at angle α. At the air/metasurface interface, the incident wave is divided into two parts, one of which is reflected into the air with a reflection coefficient [image: image], and the other transmits into the spacer with a transmission coefficient [image: image]. The latter continues to propagate until it reaches the dielectric/InSb interface, with a complex propagation constant [image: image], where k0 is the wave vector in free space. Then the wave is transmitted to the dielectric/InSb interface at angle α′, which partially reflects back to the dielectric with a reflection coefficient [image: image] and partially transmits into the InSb with a transmission coefficient [image: image]. After that, the reflected wave occurs again at the air/metasurface interface with coefficients [image: image] and [image: image]. The overall reflection is the superposition of the multiple reflections and transmissions at the two interfaces: [35]

[image: image]

where the reflection coefficient r″ at the dielectric/InSb interface can also be derived by the Maxwell's equations and the continuity conditions for the fields [image: image] and [image: image] [34]. We then calculate the amplitude reflection coefficients [image: image] and [image: image] of the p- and s-polarized waves at the dielectric/InSb interface as follows, and the detailed derivation process can be found in Supplementary Material:
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where α′ is the incidence angle to the dielectric/InSb interface (Figure 3C), [image: image] is the refracted angle inside InSb given by Snell's law [image: image]. The refracted angle [image: image] in the p-polarization is different from [image: image] and is given by the wave vector k = (ω/c)(sinα, 0, κ), where [image: image].

On account of the nonreciprocal dispersion of the magneto-plasmonic modes, the amplitude reflection coefficients [image: image] for the p-polarized wave at the dielectric/InSb interface has the nonreciprocal effect (Equation 7), which further leads to an overall nonreciprocal reflection [image: image] that superimposed of the multiple reflections and transmissions at the two interfaces (Equation 6). While the reflection coefficients [image: image] for the s-polarized wave at the dielectric/InSb interface is reciprocal (Equation 8), and the overall reflection [image: image] is reciprocal accordingly. The metallic metasurface and the InSb substrate form a resonance cavity to generate the multiple reflections between the two interfaces, and a destructive interference occurs between the direct reflection and the following multiple reflections when the amplitude and phase meet the matching conditions, so that a sharper resonance peak can be achieved in the reflection spectrum. The localization effect between metasurface and InSb enhances the nonreciprocal magneto-plasmonic modes on the InSb surface. Compared to pure InSb, the performance of the MO microstructure is improved with a lower operating frequency, a greater isolation, and a lower insertion loss, as shown in Figure 3D.

Similarly, we discuss the influence of the external magnetic field and the incident angle. Firstly, the incident angle is fixed at α = 55°, when the external magnetic field B = 0 T, the resonance peaks of the forward and the backward reflections are completely coincident, which means that the reflection exhibits reciprocal characteristics at this time. With the increase of the external magnetic field from 0 to 0.4 T, the resonance peak for the forward reflection gradually moves to the low frequency, as shown in Figure 4A. Meanwhile, the resonance peak for the backward reflection slightly moves to the high frequency, as shown in Figure 4C. Hence, the MO microstructure shows a nonreciprocal reflection, and the maximum isolation can be obtained under an external magnetic field of 0.2 T, as shown in Figure 4E. Then, we fixed the external magnetic field at 0.2 T, and the forward reflectance R(+α), the backward reflectance R(−α) and the isolation Iso as the incident angle increases from 40 to 70° are shown in Figures 4B,D,F. The results show that the resonance peaks for both the forward and the backward reflection gradually move to the low frequency, thus the isolation peaks gradually move to the low frequency. The maximum isolation can be achieved with an optimized incident angle of 55°. In this case, the isolation in 2.136 THz can be up to Iso = R(+α)−R(−α) = 55.38 dB with the insertion loss of R(+α) = −3.92 dB. Besides, the isolation at 2.178 THz is Iso = R(−α)−R(+α) = 28.94 dB with the insertion loss of R(−α) = −5.58 dB. It can be clearly seen that the MO microstructure based on InSb and metasurface has higher isolation and lower insertion loss than that of pure InSb, and its operating frequency to achieve nonreciprocal isolation is also reduced.


[image: Figure 4]
FIGURE 4. (A) Reflection spectra of the forward waves, (C) reflection spectra of the backward waves and (E) isolation spectra under the different external magnetic fields when α = 55° at room temperature. (B) Reflection spectra of the forward waves, (D) reflection spectra of the backward waves and (F) isolation spectra under the different incident angles when B = 0.2 T.


The near field distributions of forward and backward reflections are simulated to verify the nonreciprocal reflecting status of the MO microstructure by the FEM method from COMSOL. At 2.136 THz, the isolator only allows backward reflected light to pass through, and prohibits forward reflected light, as shown in Figure 5A. On the contrary, the isolator at 2.178 THz only allows forward reflected light to pass through, and prohibits backward reflected light, as shown in Figure 5B. The electric field distribution of the Ex component demonstrates the nonreciprocal reflection characteristics of the isolator, and the reflected angle is 55° in this case, as shown in Figure 5. It is worth mentioning here that the p-polarized reflected wave has not only the electric field of the Ex component but also the Ez component, and the electric field of the Ez component has similar distribution characteristics with the Ex component.


[image: Figure 5]
FIGURE 5. The schematic diagrams of the proposed THz optical isolator when α = 55° and B = 0.2 T at room temperature and the near field distribution of the Ex component: the forward wave experiences negligible reflectance and the backward wave experiences high reflectance at 2.136 THz (A); or the forward wave experiences high reflectance and the backward wave experiences negligible reflectance at 2.178 THz (B).


As previously mentioned, the occurrence of the resonance peak in the reflection spectrum is due to the destructive interference between the direct reflection and the following multiple reflections. Consequently, the resonance peak of the forward reflection is not at the same frequency as the backward reflection, thereby realizing a nonreciprocal isolation. This can be confirmed by the electric field patterns for the cutting plane and the spatial magnetic field distributions simulated in Figure 6. At 2.136 THz, for the forward wave, the electric field is mainly distributed at the interface of the metasurface and the dielectric layer between the metasurface and InSb, and the reflectance can be practically zero, indicating that the destructive interference occurs between the direct reflection at the metasurface/dielectric interface and the following multiple reflections. Hence, the wave can be effectively trapped in the cavity between the metasurface and InSb and the high absorption is achieved eventually. However, most of the waves are reflected at the metasurface/dielectric interface for the backward wave, whereas only a small part of the waves enters the dielectric layer, and the direct reflection and the following multiple reflections do not meet the conditions of destructive interference, consequently, the MO microstructure exhibits high reflectance, as shown in Figure 6A. On the contrary, at 2.178 THz, the destructive interference occurs in the backward wave, giving rise to a high absorption and a negligible reflectance, which is almost the same as the above case of the forward wave. Nevertheless, for the backward wave, although most of the waves enter the dielectric layer, the direct reflection and the following multiple reflections do not meet the conditions of destructive interference, which makes the MO microstructure exhibit high reflectance (Figure 6B).


[image: Figure 6]
FIGURE 6. The electric field (color) and the magnetic field (arrows) distributions of the proposed THz optical isolator when α = 55° and B = 0.2 T at different frequencies: f = 2.136 THz (A) and f = 2.178 THz (B). THz waves are incident from the source plane to the MO microstructure (i.e., to the left), and then reflected by the MO microstructure. The reflected wave finally enters the air on the right side. The left side of the source plane is the total field distribution, including the incident field and the reflected field. The right side of the source plane is the pure reflected field distribution.


Recently, some THz isolators about chiral metamaterials have been reported [36, 37], the high-performance asymmetric transmission has been theoretically and experimentally demonstrated in bilayer chiral metamaterial, and the anisotropy and chirality of the metamaterial give rise to cross-polarization conversion. Although the reciprocal transmission device can achieve an asymmetrical one-way transmission when the light of the same polarization state is incident on the device in forward and backward directions, it cannot be used as an isolator. In contrast, the device in our work relies on the nonreciprocal characteristic of MO materials, and the MO non-reciprocal device can realize the function of one-way isolation transmission.




CONCLUSIONS

In summary, we explored the nonreciprocal reflectance of MO microstructure in the applied magnetic field in the Voigt geometry. The InSb magnetized by an applied magnetic field in the Voigt geometry has unique nonreciprocal magneto-plasmonic modes in the THz regime. On this bases, we introduce a resonant cavity between the InSb and metasurface, which is used to cause destructive interference between the direct reflection and the following multiple reflections, and eventually causes the high absorption, thereby generating a nonreciprocal strong resonance peak in the reflection spectrum and thus achieving a high-performance THz isolator. At the optimal incidence angle (55°) and the weak applied magnetic field (0.2 T) at room temperature, the isolation exceeds 55 dB, and the insertion loss is only −3.92 dB at 2.136 THz, which is significantly improved compared to the pure InSb. This nonreciprocal reflection mechanism and device structures can promote the development of THz isolators toward working at room temperature and low magnetic field with lower insertion loss and higher isolation.
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