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In this paper, the magnetic squeezing effect in metamaterials is explored and applied to achieve wideband absorption in low-frequency microwave bands. To this end, a metamaterial absorber (MA) is proposed, which consists of a square lattice of a split ring resonator (SRR) placed on top of a magnetic absorbing material (MAM) layer backed by a conducting ground. In the positive resonance region of SRRs, a strong magnetic squeezing effect occurs and more concentrated magnetic field lines are confined within SRRs. This results in significant magnetic field enhancement within the MAM layer, which provides a prerequisite for high-efficiency absorption enhancement at low frequencies. To verify this method, we fabricated a prototype using a 3.0 mm thick silicone MAM sheet. Both the simulation and experiment results show that with the assistance of magnetic squeezing in the SRR array, the absorption at lower frequencies is significantly enhanced and is above 90% in 1.25–2.31 GHz under normal incidence. Furthermore, the MA exhibits satisfactory stability for different polarization states and incident angles due to the square lattice of the SRR array. This design method may find potential applications in fields such as electromagnetic compatibility, wireless communication, and others.
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1. INTRODUCTION
Metamaterials provide a series of novel design concepts achieving peculiar physical phenomena and effects that cannot be realized with natural materials, such as negative refractive index [1], electromagnetic (EM) wave cloaking [2, 3], and an inverse Doppler effect [4]. As a kind of special methodology, metamaterials have been widely used not only in the military field, for example, EM stealth [5–7], but also in the civil field, such as solar energy harvesting [8] and biological sensing [9]. Since Landy et al. proposed a late-model perfect metamaterial absorber (MA) which can obtain an absorptivity rate of 99% at a specific frequency [10], MAs with the framework of metal-substrate-metal have been rapidly developed [11–14], which were generally based on electric or magnetic resonances and had the property of flexible adjustable absorption frequency by changing the geometrical parameters of the unit cell. Besides, traditional radar absorbing materials (RAMs) are generally comprised of magnetic metals or ferrite nanocrystalline particles dispersed in a polymer matrix, and always have a high thickness and heavy weight. In contrast, MAs have the advantage of high absorptivity, thin thickness, and a flexible design. However, the bandwidth of this kind of MAs is too narrow. Therefore, one common purpose in this topic is to broaden the bandwidth of the MAs and improve the absorption level simultaneously [15–18]. Thus, a great many research attempts have been implemented, including stacking multiple resonances together in the vertical direction [19], loading with lumped resistors [20], and applying spoof surface plasmon polariton (SSPP) [21, 22].
Nevertheless, the MAs still face two challenges before they can be applied in engineering. One is to resolve the contradiction that enables high-efficiency absorption in low frequency bands with thin thickness and light weight. The other is that the MAs in most literature aims to absorb EM waves with a normal or small incidence angle. But in practice, the incident angle is usually oblique or glancing. In this case, the absorption efficiency of the MAs decreases with the increase of the incident angle, leading to a poor absorption performance. In order to solve these two issues, a series of studies have been conducted. As in Ref. 23, a kind of two-dimensional MA was proposed, which can achieve an absorption peak in the P-band with an incident angle ranging from 0 to 45°. In Ref. [22], two hybrid plasmonic MAs, combining a plasmonic structure covering and various traditional absorbing materials were proposed, achieving high-efficiency absorption in the frequency bands of 4.1–35 and 4.7–31.2 GHz, respectively. In Ref. 24, a two-layer MA consisting of a non-planar metamaterial and a magnetic microwave absorbing material was proposed, and it can realize 90% absorptivity over the whole 2.0–18.0 GHz range. Nevertheless, this research just focused on one single subject. That is, MAs with not only wide-angle absorption, but also obtaining low-frequency absorption with limited thickness are important to be studied and suggest promising prospects in various applications.
In this paper, firstly, the magnetic squeezing effect in metamaterials is explored, which indicates that by virtue of the positive resonance region of the metamaterials, the magnetic field lines will be squeezed, resulting in significant magnetic field strength enhancement. Then, a kind of metamaterial absorber (MA) based on the effect is proposed, featuring wideband absorption in the low-frequency microwave bands with thin thickness and light weight. The MA consists of a square lattice of a split ring resonator (SRR), placed directly on the top of a grounded magnetic absorbing material (MAM) layer. In the positive resonance region of SRRs, a strong magnetic squeezing effect occurs. That is, more concentrated magnetic field lines are confined within the SRR arrays. This results in significant magnetic field enhancement within the MAM layer, which provides a prerequisite for high-efficiency absorption enhancement at low frequencies. To verify this, we fabricated a prototype using a 3.0 mm thick silicone MAM sheet. Both the simulation and experiment results show that under normal incidence, the 10 dB absorption band is 1.25–2.31 GHz. Furthermore, the lattice structure enables the MA to exhibit satisfactory stability for polarization states and incident angles. This design method may find potential applications in fields such as electromagnetic compatibility, wireless communication, and others.
2. MODEL ANALYSIS
The schematics and working principles of the proposed MA are shown in Figure 1. The MA consists of three layers: the metamaterial, MAM, and conducting ground layer. When the EM waves impinge on the structure, magnetic resonance occurs. In the positive resonance region, the phenomenon of magnetic squeezing will take place. The magnetic field lines will be confined within the SRR arrays and the magnetic field strength will be enhanced inevitably, as shown on the right side of Figure 1. In addition, by changing the geometrical parameters, the magnetic resonant frequency can be adjusted correspondingly and the positive resonance region can be changed into a low-frequency band. Therefore, derived from the high loss of MAM, low-frequency microwave absorption can be achieved. Also, the lattice structure enables the structure to have satisfactory stability for polarization and wide incident angles.
[image: Figure 1]FIGURE 1 | The schematics and working principles of the proposed MA.
3. LOW-FREQUENCY WIDEBAND ABSORPTION
3.1. Unit Structure Design
As schematically depicted in Figure 2, the unit of the proposed MA is shown. The top layer is the SRR arrays etched on FR4 (εr = 4.3, the loss tangent is 0.025) with the period of P = 8.0 mm, and the gap between adjacent SRRs is s = 1.40 mm. The middle layer is the MAM with the thickness of d = 3.00 mm, and the bottom layer is the conducting ground. The other geometrical parameters are: l1 = 6.60 mm, l2 = 6.95 mm, h = 7.75 mm, r = 0.4 mm, g = 0.3 mm, and t = 0.8 mm.
[image: Figure 2]FIGURE 2 | Schematic illustration of the unit of proposed MA: (A) front view, and (B) side view. (C) Perspective view of the MA.
Firstly, we simulated the reflectivity spectra of the MAM with different incident angles using CST Microwave Studio 2018. The boundary conditions along the x- and y-directions are the unit cell boundaries, while along the z-direction is open add space. As we all know, the reflectivity R(ω) and transmittance T(ω) can be obtained from the reflection and transmission coefficients S11(ω) and S21(ω). That is, R(ω) = |S11(ω)|2 and T(ω) = |S21(ω)|2. The absorption A(ω) can be calculated by A(ω) = 1 − T(ω) − R(ω) = 1 − |S11(ω)|2 − |S21(ω)|2. Due to the specular reflection of the conducting ground, S21(ω) would be nearly zero in the frequency range. So the absorption can be simplified to A(ω) = 1 − |S11(ω)|2. In other words, we can use reflectivity spectra to represent the absorption performance. Figure 3A shows the simulated reflectivity spectra of the MAM at different angles. It is obvious that there is only a reduction of 9 dB within a very narrow bandwidth and only for the specific incident angles. Self-evidently, only the MAM cannot meet the requirements of practical application.
[image: Figure 3]FIGURE 3 | (A) The simulated reflectivity spectra of the MAM at different angles. (B) The reflectivity of the comparison between the proposed MA and MAM under normal incidence. The simulated reflectivity spectra of the proposed MA at different angles under (C) TE polarized waves and (D) TM polarized waves.
In consideration of the high magnetic loss of the MAM, the absorption performance will be improved significantly if the magnetic field strength in the MAM can be enhanced greatly. In the previous work [25, 26], the SRRs or their derivatives were widely used to construct left-handed metamaterials by virtue of the negative effective permeability in the negative resonance region. Whereas, in the positive resonance region, the effective permeability will be larger than 1. In other words, the magnetic field strength within or even below the SRR will be enhanced greatly. Placing the MAM beneath the SRR, we can achieve high-efficiency absorption performance in low-frequency microwave bands. Just as Figure 3B shows, under normal incidence, the absorption rate of the proposed MA is enhanced significantly and the –10 dB frequency band is 1.25–2.31 GHz, compared with the MAM.
In addition, the reflectivity spectra of the proposed MA varied with different incident angles for TE and TM polarized waves are shown in Figures 3C,D. Clearly, under TE polarized waves, a 10 dB absorption band can be achieved in 1.25–2.31 GHz with an incident angle ranging from 0 to 70°, and as for the TM polarized waves, the 10 dB absorption band gradually increases as the incident angle increases. Compared with Figure 3A, distinctly, the performances of the absorption bandwidth, absorption level, and angular domain have been improved significantly.
The design steps of our proposed MA can be summarized as follows: firstly, we analyzed and simulated the absorptive performance of the MAM, indicating that there is just a reduction of 9 dB within a very narrow bandwidth, only for the specific incident angles, and only the MAM cannot meet the requirements of practical application. Secondly, in consideration of the high magnetic loss of the MAM, the absorption performance can be improved significantly if the magnetic field strength in the MAM can be enhanced. By utilizing the positive resonance region of the SRRs and the magnetic squeezing effect, the magnetic field strength in the MAM will be greatly enhanced. Finally, the metamaterial absorber (MA) is proposed, which consists of SRR arrays placed on top of the MAM backed by a conducting ground.
3.2. Theoretical Analysis
When a kind of loss material is applied as the substrate, both the dielectric loss and the magnetic loss lead to high-efficiency absorption, following the relation: Ptotal = PE + PM=(1/2)ωε″|E|2+(1/2)ωµ″|H|2 [27]. Here, E is the total electric field, ω and ε″ are the angular frequency and imaginary part of the permittivity, respectively. H is the total magnetic field, and µ″ is the imaginary part of the magnetic permeability. As previously analyzed, when the substrate is a MAM with high magnetic loss, by increasing the magnetic field strength in the MAM, the absorption efficiency will be significantly improved. Because the magnetic field is rotational and the magnetic field lines have to be closed to form a circulation, in the positive resonance region, the magnetic field lines tend to be squeezed within the MAM. On the other side, in the positive resonance region, the direction of magnetic field induced by SRR will be in accord with the incident magnetic field. That is to say, the magnetic field strength below the SRR structure will be enhanced greatly by superimposing them together. In Figure 4A, the retrieved effective permeability of the proposed MA is shown. Clearly, in the frequency band from 1.26 to 2.35 GHz, the real component of effective permeability is larger than one and the structure operates in the positive resonance region, which corresponds to the 10 dB absorptive frequency band shown in Figure 3B. Clearly, the frequency band of the positive resonance region is a little different from the absorbing frequency band, after comprehensive analysis, the reason can be concluded that the boundary conditions of the simulation and the retrieving effective permeability MATLAB procedure [28] are not the same, in other words, the conducting ground in the retrieving effective permeability MATLAB procedure is taken out. However, the purpose of retrieving effective permeability of the proposed MA is to verify that in the positive resonance region, the magnetic squeezing effect occurs, and further validating our scheme, in other words, the retrieved effective permeability is for reference only, therefore, the subtle differences between the frequency bands are acceptable.
[image: Figure 4]FIGURE 4 | (A) The retrieved effective permeability of the proposed MA. (B) Magnetic field distribution of 1.0, 2.0, and 2.5 GHz in the y-z and x-z planes for the normal incidence.
In order to verify the analysis mentioned above, we monitored the magnetic field distribution at 1.0 GHz (the real component of effective permeability is approximately equal to 1), 2.0 GHz (the real component of effective permeability is larger than 1), and 2.5 GHz (the real component of effective permeability is negative) in the y-z and x-z planes with normal incident EM waves, just as Figure 4B shows. Clearly, at 2.0 GHz, which is in the positive resonance region, the magnetic field lines above the MA structure are confined within or below the MA, leading to significant magnetic field enhancement, which provides a prerequisite for low-frequency absorption. While at 2.5 GHz, which belongs to the negative resonance region, in contrast to the direction of the incident magnetic field, the direction of magnetic field induced by SRR will be in the opposite direction. That is, the magnetic field strength in the MAM will be weakened inevitably, as shown in Figure 4B, which will inevitably contribute to weaker absorption.
In addition, simulated results of our proposed MA in contrast to the recent works of broadband MAs are also presented in Table 1.
TABLE 1 | Simulated results of our proposed MA and recent works.
[image: Table 1]The comprehensive comparison concludes that our proposed MA achieves an optimal performance of low-frequency microwave absorption with comprehensive consideration of the absorption band and electrical thickness.
4. EXPERIMENT VERIFICATION
To verify our design concept, we fabricated and measured a prototype with dimensions of 600 × 600 mm2. The prototype photograph is shown in Figure 5A. The components from top to bottom are: SRR arrays etched on FR4 dielectric, the MAM with 3.0 mm thickness and conducting ground. Firstly, the factory-made samples of SRR arrays are assembled. Then, the samples are glued onto the MAM and a plate of conducting ground. Under normal incidence, the comparison between the simulated and measured reflectivity curves (TE and TM polarized) are shown in Figure 5B. Furthermore, in order to obtain the reflection coefficient of oblique incidence, what we need to do is to adjust the angle disc to get the specific angle like the detail in Figure 5A, while the horn feed stays stationary. Hence, correspondingly, the angle of the incident wave is controlled. The reflectivity spectrum varied with different incident angles for the TE and TM polarized waves are shown in Figures 5C,D, respectively. Compared with Figures 3C,D, it is obvious that the agreements are very good considering the tolerance in the fabrication and assembly, which validates our scheme. Hence, to some extent, we can agree that our proposed MA can achieve wide-angle microwave absorption in a low-frequency band.
[image: Figure 5]FIGURE 5 | (A) The fabricated prototype of the MA and the measured environment of oblique incidence. (B) Comparison between simulated and measured reflectivity spectra under normal incidence. Measured reflectivity spectrum varied with different incident angles under (C) TE and (D) TM polarized waves.
5. CONCLUSION
In conclusion, we designed, fabricated, and measured a kind of MA, which included a top layer of SRR, a middle layer of MAM and a bottom layer of conducting ground. The MA can achieve wide-angle microwave absorption in 1.25–2.31 GHz under normal incidence by utilizing the phenomenon of magnetic squeezing. In the positive resonance region of SRRs, a strong magnetic squeezing effect occurs. That is, more concentrated magnetic field lines are confined within the SRR arrays. This results in significant magnetic field enhancement within the MAM layer, which provides a prerequisite for high-efficiency absorption enhancement at low frequencies. Furthermore, the lattice structure enables the MA to have satisfactory stability for polarization and wide incident angles. To verify our design concept, a prototype with dimensions of 600 × 600 mm2 was fabricated and measured, and the good agreement between simulated and measured results validates our scheme. This design method may find potential applications in fields such as electromagnetic compatibility, wireless communication, and others.
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