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Abstract— Ferrite plate/varactor-loaded conductive resonance elements (chains or single el-
ement) metastructures are investigated experimentally in waveguide to achieving voltage con-
trolled inversion of sign of the nonreciprocity δ of microwave propagation. Dipoles of various
shapes (butterfly, loop, snake, double split rings) with different type-varactors have been inves-
tigated. The metastructures show unique magnetically and electrically controlled nonreciprocal
effects under coupled ferromagnetic resonance (FMR) in ferrite and resonance in dipoles (DR).
Inversion of sign of δ occurs by the application of a bias voltage to a varactor when resonance
frequency of DR passes through the FMR frequency as a result of which reversal of sense of
rotating elliptically polarized h-field takes place. Usually inversion of nonreciprocal propagation
of microwaves in ferrite is implemented by reversal of magnetization direction as a result of which
reversal of sense of spins precession occurs.

1. INTRODUCTION

In recent years, there has been increasing interest in the study of resonance metamaterials on basis
of resonant conductive elements [1, 2] as well nonreciprocal metamaterials, containing combination
of ferrite and resonance elements, with tunable or switchable characteristics for development of
microwave devices such as filters, nonreciprocal isolators and circulators. The emphasis is novel
functionality as the fast electric control of amplitude-frequency characteristics in comparison with
traditional [3] magnetic control of ferrite by external static magnetic field. In the case of mag-
netic control time switching is not so fast because one depends on not fast enough complex pro-
cesses of magnetization and remagnetization. At the present time varactor-loaded split ring are
used for electrically tunable filters at microwave frequencies [4] and for tunable nonlinear phenom-
ena [5]. Besides, electric field tunable ferromagnetic resonance (FMR) response is investigated in
ferromagnetic-ferroelectric heterostructures through the voltage controlled dielectric permittivity
of the ferroelectric layer [6, 7]. Many publications are devoted to fundamental science of multifer-
roics, materials that simultaneously show ferromagnetism and ferroelectricity and can be controlled
by both magnetic and electric field [8]. Nonreciprocity in periodic strip arrays on ferrite-dielectric
substrate is discussed and calculated in [9]. At present there are ideas about artificial Faraday rota-
tion in magnetless metamaterials without gyrotropic component [10], but strong losses complicate
verification and real application.

We suggest another way by using metastructures containing ferrite plate and grating or chains of
conductive resonant elements. The metastructures can show unique resonant nonreciprocal effects
in the case when the FMR in ferrite is excited in the neighborhood of resonance of conductive
elements [11–15]. It has been observed appearance of nonreciprocity and giant nonreciprocal FMR
while there is not nonreciprocity when ferrite is placed without grating.

Recently, it has been observed that planar metastructure, formed by a transversely magnetized
ferrite plate and conductive twice-split ring loaded with two varactors, can provide electrically tun-
able frequency bands of nonreciprocal resonant response and wide tuning range by the application
of a bias voltage VDC to a varactor [16, 17]. Dipoles of various shapes (butterfly, loop, snake) with
different type-varactors have been investigated; the best frequency change has been reached with
butterfly shape and varactor MA46H120 [18].

2. MEASUREMENTS METHODS, EXPERIMENTAL RESULTS

In this paper we demonstrate a way to achieving voltage controlled sign reversal of the nonreciproc-
ity δ in the presence of a static magnetic field H without reversal of the magnetization direction in
contrast to traditional magnetic switching magnetization direction.
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A governing phenomenon of nonreciprocal microwave devices under consideration is ferromag-
netic resonance. In this case circular or elliptical polarization of microwave magnetic field is nec-
essary. Waveguide nonreciprocal devices contain transversely magnetized ferrite plate at distance
of ±λ/8 from the side wall in a rectangular waveguide, where polarization of microwave magnetic
field is circular. In the case of metastructures necessary h-field is formed by the grating of resonant
elements.

When a static magnetic field H, required for the FMR excitation, 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 rotation 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 directions of magnetization.

The nonreciprocity δ(dB) of microwave propagation is characterized as difference between trans-
mission coefficients 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. The nonreciprocity δ of microwave propagation can be defined as difference between
transmission coefficients for propagating modes in the opposite directions without reversal of mag-
netization direction, when senses of h-field rotation are opposite but senses of spin precession are
the same, nonreciprocity δ(dB) = |S21|2− |S12|2. The nonreciprocity δ can be also defined without
reversal of the propagation direction (single-channel measurements). In this case nonreciprocity δ
(dB) is defined as the difference between transmission coefficients T = |S21|2 corresponding to the
opposite direction of magnetization, when senses of h-field rotation are the same but senses of spin
precession are opposite, δ(dB) = T (H−)− T (H+). H+ and H− correspond to opposite directions
of the external transverse static magnetic field H and provide opposite senses of spins precession.

Below the suggested method for reversing the sign of the nonreciprocity is confirmed by direct
experimental proofs on a ferrite plate/varactor-loaded split Butterfly dipole metastructure placed
along 48× 24-mm rectangular waveguide axis. The metastructure under study is shown in Fig. 1.
It involves a plate of iron-yttrium garnet 3Y2O3·5Fe2O3, near which a split Butterfly dipole, made
of copper foil on polyimide film, is placed on 0.5-mm-thick hardened paper substrate at distance s.
One MA46H120 (MAKOM) varactor, with a capacitance variable from 1 to 0.15 pF by supplying
back bias voltage VDC from 0 to 30 V, is welded into the gap in the dipole with width τ . The sizes
of the dipole 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. Resistors with RL = 100 kΩ are
connected to the wires from the feed source in order to eliminate possible excitation of parasitic
resonances. We use single-channel method.

The metastructure shows two resonance minima of T . The first resonance minimum is due to
the dipole resonance (DR). The DR is excited by microwave electric field without static magnetic
field and can be tuned by application of a bias voltage VDC to a varactor. In Fig. 2(a) we see that
under VDC = 0 V and H = 0 resonance response of metastructure (DR0,0) is observed at 3.6GHz
and shifts to 4.85 GHz with VDC increase to 20 V (DR0,20). The second resonance effect is due to
the FMR in ferrite, it is excited in the presence of H-field and controlled by the H-field magnitude.
In the case when the FMR approaches to the DR, metastructure acquires nonreciprocal properties
which can be controlled by both bias voltage VDC and static magnetic field H in dependence
on distance between ferrite plate and dipole. At the same time, it is observed dependence of
nonreciprocity sign on the FMR-position relatively to the DR frequency. When position “FMR
below DR” changes to “FMR above DR”, reversal of sense of rotation of elliptically polarized h-
field occurs and sign reversal of the nonreciprocity is observed. One can reverse the nonreciprocity
sign by the FMR or DR positional control. To observe this effect in the given frequency range 3–
6GHz of panoramic measurer we correlate the DR frequency by application of a bias voltage VDC

to a varactor, the FMR frequency is correlated by application of necessary static magnetic field
H (Figs. 2(b), 2(c)). Figs. 2(b), 2(c) shows measured transmission coefficients T in metastructure
under different position of the FMR relatively to the DR. Dot curves correspond to the DR in the
H-field absence.

Figure 2(b) shows frequency dependences of T (H−) and T (H+) at VDC = 0 V. In this case at
H = 0 Oe, we see only the DR0,0 (dot curve) at 3.6 GHz. With application of static magnetic field
H = 850 Oe, the FMR is excited at about 4.25 GHz and the DR0,0 shifts towards 3.2 GHz. Both
the FMR and the DR frequency domains possess nonreciprocal properties with opposite signs of
the nonreciprocity: transmission coefficients T (H−) and T (H+) are not the same. One can see that
in the FMR frequency domain, the sign of δ is positive. In this case the FMR is excited above the
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DR.
Figure 2(c) shows frequency dependences of T (H−) and T (H+) at VDC = 20 V. In this case the

DR0,20 is observed at 4.77 GHz. With application of field H = 600Oe the FMR is excited below
the DR at about 3.55 GHz. The sign of δ is getting negative in contrast to Fig. 2(b) (“FMR above
DR”). So, nonreciprocity sign depends on the FMR position relatively to the DR.
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Figure 1: (a) Planar metastructure containing ferrite plate 1 (30 × 20 × 1.9 mm) of iron-yttrium garnet
3Y2O3·5Fe2O3 and varactor 3-loaded copper split Butterfly dipole 2; hardened paper substrate 4, resistors
RL = 100 kΩ, l = 22 mm, τ = 1.5mm, d = 10 mm. s = 6.5mm. Area between ferrite 1 and substrate 4
has been filled with foam and (b) Photos of ferrite plate/varactor loaded split Butterfly dipole and ferrite
plate/varactor loaded double split rings metastructures.
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Figure 2: Measured frequency dependences of transmission coefficients T in metastructure; (a) dipole reso-
nance (DR0) excited by microwave electric field in the absence of external static magnetic field H at different
bias voltages VDC ; (b) DR below the FMR at VDC = 0 and H = 850 Oe; (c) DR above the FMR at VDC = 20,
and H = 600 Oe;.

One can observe sign reversal of δ by only electrical tuning the DR position, if the resonance
frequency of a dipole passes through the FMR frequency, as shown in Figs. 3(a), 3(b). Fig. 3(a)
presents the frequency dependences of nonreciprocity δ in metastructure ferrite plate/varactor
loaded split Butterfly dipole under H = 800Oe. In this case the FMR is excited slightly above
the DR at the bias voltage VDC = 0 and δ sign is positive at frequency domain around 4GHz.
With applying VDC = 29 V, when the DR passes through the FMR to position “the FMR below
the DR”, sign of δ is getting negative. At that the FMR position remains practically unchanged.
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Figure 3: (a) Dependences of nonreciprocity δ, dB = T (H−)− T (H+) on frequency in metastructure ferrite
plate/varactor loaded split Butterfly dipole under H = 800 Oe at bias voltage VDC = 0 (sign of δ is positive)
and VDC = 29 V (sign of δ is negative). (b) Dependences of δ on H-field value in metastructure ferrite plate/
chains of varactor loaded double split rings under f = 4.6GHz at bias voltage VDC = 0, 5, 20 V.

Fig. 3(b) demonstrates sign reversal of δ in dependence on H-field value in ferrite plate/varactor
loaded double split rings metastructure under fixed frequency 4.6GHz at different bias voltages
VDC . One can see that at certain values of H-field positive δ at VDC = 0 is getting negative at
VDC = 20 V.

3. CONCLUSION

Observed nonreciprocal effects are due to the FMR, to influence of the DR as well to features of
microwave magnetic field h in metastructure. Reversing the sign of the nonreciprocity δ occurs
by the application of a bias voltage to a varactor when frequency of the DR passes through the
FMR frequency. In this case position “DR below FMR” changes to “DR above FMR” and at the
FMR-domain 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. Usually reversing sign of the nonreciprocity
in ferrite is achieved by not so fast reversal of magnetization direction, as a result of which reversal
of sense of spins precession occurs.

Thus, the metastructures ferrite plate/varactor-loaded resonant elements provide fast electrically
controlled reversing sign of the nonreciprocity of microwave propagation and open up wide prospects
for applications in the field of fast switchable nonreciprocal devices.
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