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Abstract

Voltage controlled nonreciprocal frequency bands and inversion of nonreciprocity sign have been observed at microwaves with metastructures ‘ferrite plate/array of magnetically excited varactor-loaded twice split rings (TSR) as well double split rings (DSR)’ placed along rectangular waveguide axis. The effects are due to the nonreciprocal absorbing under interaction between ferromagnetic resonance (FMR) in ferrite and magnetic resonance (MR) in rings (<< wavelength). It has been also used varactor-loaded single dipole in the form of butterfly as well twice split ring as twin half-wave dipoles under excitation of dipole resonance (DR) by microwave electric field E. Possibility of application for fast controlled nonreciprocal devices are discussed. 
1. Introduction

Based on ferromagnetic resonance (FMR) nonreciprocal interactions of microwaves with magnetized ferrite continue to be the object of attention of the metamaterial community [1-4]. The suggested applications are thin unidirectional devices [1, 2] and scanned leaky-wave antennas [3,4]. We are interested in control of the nonreciprocity sign. Usually variable bias magnetic field is used for this aim. Authors of [1-4] considered combinations of ferrites with various conducting elements (linear and/or annular ones) hereinafter called ‘ferrite/conductive elements’ metastructures (FCEM). At first theoretical investigations of FCEM were devoted to infinitely long linear elements [5] (as well as in [1] and in [6, 7] where wires are embedded into a ferrite slab). However, in reality conducting elements have finite dimensions. It results in resonances of electrodynamic characteristics including transmission coefficients T and the nonreciprocity  which is defined as difference between forward Tf(dB) and backward Tb(dB) transmission coefficients of a metastructure. Such resonances together with FMR have been observed by our measurements of of FCEM with different conducting elements (planar double split rings, form, zigzag-form, butterfly-form and rectilinear dipoles, planar spirals, non-convex polygonal loops [8-15]). As it turns out, retuning connected with conducting elements resonances can be used for control of the FCEM nonreciprocity [16-18]. 
Voltage controlled nonreciprocal effects due to influence of the FMR and DR were investigated in [16-18] where metastructure contains ferrite plate and varactor-loaded single twice split ring as twin half-wave dipoles [16] as well varactor-loaded single dipole in the form of “Butterfly” [17, 18]. Electrically controlled frequency bands have been observed in metastructure with dipole twice split ring (TSR) [16] and reversal of nonreciprocity sign with dipole Butterfly [17, 18]. DR is due to dipole currents induced by microwave electric field E. It is of interest to study nonreciprocal effects under interaction between the FMR and resonance connected with closed ring currents induced by microwave magnetic field h in small TSR and DSR (magnetic resonance, MR).
In this paper we measure transmission coefficients T of metastructures in rectangular waveguide and demonstrate a way for both voltage retuning of nonreciprocal frequency bands and switching sign of nonreciprocity at the same frequency band. Different planar metastructures containing ferrite plate and array of varactor-loaded h-excited TSR or DSR, as well E-excited dipole TSR and dipole “Butterfly” are examined. Mechanism of control, switching time and possibility of application for fast nonreciprocal devices are discussed.
2. Measurements methods, investigated metastructures, results
It is known that when required for the FMR excitation field H is applied and senses of the spins precession around H and rotating microwave magnetic field h are the same, power of the wave is absorbed by a ferrite. In the case when senses of precession and h-field rotating are opposite, absorption is absent. Senses of the h-field rotating are opposite for forward and counter-propagating waves. Senses of the spins precession are opposite for opposite direction of magnetization. The nonreciprocity T (dB) of microwave propagation is characterized as a difference between transmission coefficients T(dB) for two situations. In the first situation senses of spin precession and rotating h-field are the same. In the second situation senses of spin precession and rotating h-field are opposite. We use single-channel measurements. In this case the nonreciprocity T can be defined not by reversal of the propagation direction as usually [19] but as the difference between T corresponding to the opposite directions of magnetization, when senses of h-field rotation are the same but senses of spin precession are opposite. 
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 H- and H+ correspond to opposite directions of the external transverse field H (magnitudes of H-field are the same). In this case senses of h-field rotation are the same but senses of spins precession are opposite. 

The planar metastructures under study are shown in Fig. 1: a - scheme; b,c,d,e – photos. They involve a plate of polycrystalline iron-yttrium garnet near which array of resonant elements (or single element) made of polyamide film on copper foil are placed on a 0.5-mm-thick hardened paper substrate at distance s. Fig. 1b shows metastructure with ferrite plate (21x14x2 mm) with array of h-excited copper TSR (diameter of 6.6 mm). In Fig. 1c metastructure contains the same ferrite plate and array of h-excited DSR, outer diameter 6.6 mm. Fig. 1d shows metastructure with ferrite plate (29x21x2 mm) and E-excited dipole TSR, l = 22mm. In Fig. 1e metastructure contains the same ferrite plate and E-excited dipole ”Butterfly” (20x10 mm). 
Varactors MA46H120 (MACOM), with a capacitance variable from 1 to 0.15pF by supplying back bias voltage VDC from 0 to 30V, is welded into the gaps of elements. The sizes of elements are chosen so that the resonance response will be observed in the given range 3 -6 GHz of the voltage standing wave ratio (VSWR) panoramic measurer. 
We measure transmission coefficients T in rectangular waveguide with metastructures under different conditions. Metastructure is placed along waveguide axis.[image: image8.emf]
Fig. 2 shows properties of metastructure ferrite plate/array of h –excited split rings. We see two resonance effects. 

The first resonance is magnetic resonance (MR) due to induced ring current; it is excited by microwave h-field without static magnetic field H and can be retuned by the application of a bias voltage VDC to varactors (Fig. 2a). 

The second resonance effect is the FMR in ferrite; it is excited in the presence of H-field and shifts to higher frequencies with H-field magnitude increase. 

In the case when the FMR approaches to the MR, regime of coupled resonances is achieved; the FMR and MR are getting nonreciprocal and the metastructure acquires capability of the simultaneous magnetic and voltage control of T in both FMR and MR-domains. 

Fig. 2b shows nonreciprocal MR, its frequency and intensity can vary with the magnitude of H in limited frequency band depending on distance s as well by voltage in H-field (300 Oe), which is substantially lower than the field exciting the FMR in free ferrite at this frequency. As VDC across the varactor varies from 0 to 20V, along with retuning of MR frequency nonreciprocal band is also retuned. Fig. 2c corresponds to free ferrite without TSR, it shows retuned FMR with H-field variation from 900 to 1150 Oe, nonreciprocity T is absent because of T(H-) = T(H+). By reducing distance s between ferrite and TSR we can increase resonances coupling and expand tuning range of nonreciprocal MR. 
One can also switch microwaves unidirectionality to the opposite one in the FMR-domain without shifting frequency band when coupling between FMR and MR is not strong because there is dependence of sign of on the FMR-position relative to the MR frequency (by the sign of f).
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Fig. 2d, e demonstrates transmission for different position of the FMR relative to fixed MR; (Fig. 2f, g) corresponds to different position of the MR relative to fixed FMR  In the case of fixed MR, position “FMR below MR” (Fig. 2d) changes to “FMR above MR” (Fig. 2 e) by variation of H-field value. In the case of fixed FMR, position “FMR above MR” (Fig. 2f) changes to “FMR below MR” (Fig. 2g) by variation of voltage VDC. With positive f, positive  is observed and vice-versa with negative f, is negative Inversion of sign by variation of voltage is demonstrates in Fig. 2h. Here FMR frequency practically is not changed because of necessary resonances coupling. Voltage controlled inversion of sign by use of array of h-excited DSR is demonstrates in Fig. 3. Inversion of sign signifies inversion of nonreciprocal propagation direction.
Simulation of h-excited TSR or DSR by bianisotropic layer confirms dependence of sign of on FMR-position relative to MR (sign of f, Fig. 4). 
Fig. 5 demonstrates similar properties with metastructure ferrite plate/dipole”Butterfly”. Under H= 0 the DR is excited at 3.5 GHz and retuned by variation of bias voltage VDC from 0 to 20V (Fig. 5a). In the presence of H-field = 100 Oe, for s =2 mm (strong coupling between ferrite and dipole), the DR shifts to 4.25 GHz and is getting nonreciprocal and retuned by variation of VDC (Fig. 5b). FMR is excited in the presence of H-field and shifts to higher frequencies with its increase. If coupling between FMR and DR is not strong, FMR-frequency is not practically changed on voltage application but the sign of nonreciprocity  depends on position relative to DR.
[image: image9.emf]
Fig. 5c d ,e demonstrates properties in the case of different position of fixed FMR (H = 800 Oe) relative to DR for s = 8.5 mm. Frequency of DR is changed by voltage variation. When DR passes through frequency of the FMR, position of 

the DR relative the FMR is changed and inversion of sign of  is observed. 

Similar properties are observed for metastructure ferrite/dipole twice split ring (22mm) where ring behaves as twin dipoles with properties due to induced counter currents (Fig. 6).
[image: image10.emf]
In the case of free ferrite without TSR there is no (Fig. 6a). In metastructure nonreciprocal DR is observed in the presence of H-field 100 Oe, which is substantially lower than the field (900 Oe) exciting the FMR in free ferrite in this area (about 4 GHz). Nonreciprocal DR is retuned by VDC variation (Fig. 6b).
Fig. 6c, d shows properties in the case of different position (+f) and (-f) of fixed FMR (H = 600 Oe) relative to voltage retuned DR. Fig. 6e shows voltage controlled inversion of T sign.   
.
[image: image11.emf]
3. Discussion
3. 1. Observed unusual nonreciprocal phenomena are due to interaction between FMR, and MR or DR, as well to features of microwave magnetic field in metastructure near conductive elements. This field is superposition of the incident and scattered waves’ fields and possesses required for nonreciprocal absorbing elliptical polarization at frequencies around MR (DR). Its sense of rotation and ellipticity depend on phase of induced running which are by-turn defined by detuning between current and resonance frequency of conductive elements. So, total h-field rotates in one direction at frequencies above the MR (DR) and in the opposite direction below the MR (DR).  Fig. 7 presents calculated time-dependent rotating normalized total magnetic field using approach [17, 18]. Fig. 7a shows that left-handed h-field takes place at frequencies ( > (0 ((0 is the dipole resonance frequency) while right-handed h-field corresponds to ( < (0 (Fig. 7b). Therefore one can change the sense of the h-field rotating by retuning elements resonance frequency by voltage application to varactors embedded in gaps of rings or dipoles. 
1. Reversing the sign of the nonreciprocity T occurs as follows: 
Let field H- is applied and spin precession is left-handed and the FMR is excited above the MR (DR) (( > (0 ) In this case there are left-handed precession of spins and left-handed h-field; ferrite absorbs power of direct wave and does not absorb power of counter-propagation wave, nonreciprocity is positive. By the application of a bias voltage to a varactor, frequency of the MR (DR) passes through the FMR frequency (FMR below the DR (MR),  ( < (0) and left-handed h-field   is transformed into right-handed but sense of spin precession is not changed because direction of H-field is not reversed.
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In this case there are left-handed precession and right-handed h-field; ferrite does not absorb power of direct wave but absorbs power of counter-propagation wave. 
Nonreciprocity is getting negative. Usually reversing the sign of T in ferrite is achieved by reversal of magnetization direction, as a result of which reversal of sense of spins precession occurs.
3. 2. Is voltage control faster than magnetic? 
Let us discuss temporal progress of voltage nonreciprocity reversal on the example of nonreciprocal device consisted of a varactor-loaded split dipole of finite length and neighboring ferrite [18]. One can pick out four stages: i) change of varactor capacitance (or of oscillator which simulates dipole [18]) under alteration of a bias voltage; ii) change of a current in oscillator because of tuning of dipole frequency; iii) delay of scattered wave arrival to ferrite and forming of rotating microwave magnetic field;  iv) change of movement of ferrite magnetic moment. As [21] shows, i)-stage duration is 1-5 ns. To estimate ii)-stage duration let us use stepwise approximation of temporal dependency of the capacitance. Well-known solutions of the equation of linear oscillator show that current contains a forced oscillation on frequency  of the incident wave and damped oscillations on frequency
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(L, R and C are the inductance, resistance and capacitance of the equivalent oscillator simulating dipole). Decay time is equal to R/2L and can be found from half-width of resonance response for scattered wave. In the case of dipole “Butterfly” the width is 1 GHz, which corresponds to decay time about 2 ns. Delay time in iii)-stage is about nanoseconds at GHz-range because the distance between ferrite and resonant element does not appreciably exceed the wavelength. In iv)-stage relaxation time of precession of ferrite magnetic moment can be found through the inverse value of ferromagnetic resonance line-width:
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Here  is the gyromagnetic ratio. Whereas gyromagnetic resonance line-width is about 30-100 Oe, relaxation time is about 38-11 ns. Thereby, the time of nonreciprocity reversal by voltage control is of the order of some tens of nanoseconds what is much faster than by traditional magnetic control (about microseconds [22]). 
4. Conclusions

Thereby, our investigations have shown that metastructures containing ferrite plate and varactor-loaded conductive elements can provide voltage controlled nonreciprocal transmission by use of both half-wavelength dipoles and small magnetically excited double split rings (DSR) or twice split rings (TSR). One can expect that such structures are perspective for development of fast-acting switching of channels “transmitting – receiving”. At that for ferrite magnetization one can use permanent magnet and provide the FMR excitation in the absence of direct currents and related thermal losses. One can also use hexaferrites which are not needed in external magnetic field and, respectively, in magnet. Both small magnetically excited TSR and DSR and electrically excited half-wavelength dipoles provide ability of controlled nonreciprocity but small elements are of interest for decrease of reflectance and losses.  
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Figure 4: Calculated specific transmission nonreciprocity parameter (sp per unit length of a bianisotropic-ferrite metastructure in dependence on relative frequency (/(0 ((0 – intrinsic frequency of bianisotropic material with chiral elements, (H – FMR frequency): (a) (H/(0 =0.3 (FMR is excited lower then the magnetic resonance MR, (sp is negative); (b) (H/(0 =1.4 (FMR is excited higher then the MR, (sp is positive) [20].
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Figure 2 (2 continuation).
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Figure 5: Measured frequency dependences of T with metastructure ferrite plate /E-excited dipole “Butterfly”: 


(a) Voltage Retuned DR at H = 0 Oe; 


(b) Retuned nonreciprocal DR at H = 100 Oe by VDC variation from 0 to 4V; 


(c, d) Different position of the DR relative to fixed FMR at 800 Oe; (e) Inversion of T sign by VDC variation from 0 to 20V. 
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Figure 2: Measured frequency dependences of transmission coefficients T with metastructure ferrite plate /array of h-excited TSR:


(a) Voltage retuned MR at H =0 Oe; 


(b) Retuned nonreciprocal frequency bands of MR at H = 300 Oe by VDC variation;


(c) FMR in free ferrite controlled by H-field;


(d ,e) Different positions (f sign) of the FMR relative to fixed MR by the H-field variation;  


(f, g) Different positions (f sign) of the MR relative to fixed FMR by VDC variation;


(h) Inversion of sign of T (dB) under FMR at 900 Oe by variation of VDC from 9 to 15V.








Figure 2 (1 continuation)
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Figure 3: Measured frequency dependences of T with metastructure ferrite plate /array of h-excited DSR:


(a ,b) Different position (f sign) of the MR relative to fixed FMR 


(c) Inversion of sign of T (dB) = T(H-) – T(H+) under FMR at 1150 Oe, at 4.5 GHz; T-positive under VDC=0 and negative by 5 V. 
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Figure 1: Metastructures ferrite plate/ varactor-loaded resonant elements: 


(a) Scheme; (b ,c ,d, e) Photos;


(b) Metastructure with h-excited array of TSR; 


(c) With h-excited array of DSR; (d) With E-excited Dipole TSR; (e) With dipole “Butterfly.”

















Figure 5 (continuation)
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Figure 6: Measured frequency dependences of T for metastructure ferrite plate/dipole TSR: 


(a) Free ferrite; (b) Voltage retuned nonreciprocal DR at 100 Oe; (c) +f; (d) -f; 


(e) Inversion of T sign by VDC variation.
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Figure 7: Calculated magnetic field near dipole [17].
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