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Induced nonlinear frequency shift of an active ring resonator on a
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The nonlinear shift of the resonant frequencies of a microwave active ring resonator (ARR) induced by a pump
wave has been studied for the first time. The resonator was designed according to the scheme in the form of a
closed ring containing a spin-wave delay line made on the basis of a one-dimensional magnonic crystal, as well
as a microwave amplifier in a feedback circuit. It is shown, that with an increase in the power of the pumping
wave, the shift of the resonant frequencies of the ARR increases in different ways depending on the position of the
pumping frequency. The maximum induced nonlinear frequency shift is observed if the pumping frequency is at
the minimum of the ARR transmission coefficient. A model describing the studied effect is developed.
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Spin-wave active ring resonators (ARRs) have various
fields of application. For example, they may be used
to construct bistable devices [1], narrow-band microwave
filters [2,3], matched filters [4], and microwave genera-
tors [5-11]. In recent years, artificial intelligence applications
(specifically, magnonic reservoir computing [12-14]) have
also become relevant.

It is known that electronic adjustment of characteristics
of magnonic devices may be induced by different mecha-
nisms. Magnetic reconstruction is currently one of the key
mechanisms of this kind [15]. Electric adjustment with the
use of ferrite—ferroelectric [3,16], ferrite—piezoelectric [17],
and ferrite—semiconductor [18] structures is also possible.

The aim of the present study is to examine the nonlinear
shift of resonance frequencies of a magnonic active ring
resonator induced by a pump wave excited in it.

The schematic diagram of an active ring resonator is
shown in Fig. 1,a. The setup includes a feedback circuit
based on magnonic crystal /, microwave amplifier 2,
adjustable attenuator 3, combiner 4, and input 5 and
output 6 directional couplers. The magnonic crystal in the
feedback circuit was fabricated from an yttrium-iron garnet
(YIG) film with thickness L = 5.5 um, saturation magne-
tization My = 153 kA/m, and half-width AH = 48 A/m of
the ferromagnetic resonance curve. Twenty grooves with
a depth of 0.5um were etched on the film surface. The
prepared structure had period A = 150 um, wherein the
width of etched (groove) and non-etched film parts was
a=50um and b = 100um, respectively. The YIG film
was magnetized by a permanent magnet with field intensity
H =97.6kA/m. A uniform bias field was applied in-
plane along the grooves. Two short-circuited microstrip
antennas with a width of 50um and a length of 2mm
were used to excite and receive surface spin waves in the
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YIG film. Distance d between the antennas was 7 mm.
A microwave signal was fed to them along microstrip
transmission lines with a wave impedance of 50 2. The
microstrip circuit was fabricated by photolithography on
a polycor substrate 500um in thickness. Amplifier 2
compensated the microwave signal loss in the delay line
and other components of the ring. Adjustable attenuator 3
was used to control the signal amplification in the ring.

The concept of operation of the active ring resonator is
as follows. A microwave signal is fed to input directional
coupler 5 and starts circulating within the ring. After
the completion of a single turn, the attenuated signal is
combined with the input signal. Two signals then propagate
within the ring. Following the completion of another turn,
these signals are again combined with the input signal,
raising the number of signals propagating within the ring to
three. Thus, the microwave signal in the ring in steady-state
operation is an infinite sum of decaying waves circulating
within the ring. Resonance is established in the ring
at certain frequencies satisfying the condition of in-phase
summation of circulating waves. Total phase incursion Ag
of the signal at these frequencies is a multiple of 277 [19].

The overall microwave signal amplification in the ring
is characterized by effective gain G that is defined as the
difference between amplifier gain 2 and microwave signal
losses in other elements of the ring. If G < 0, the active ring
resonator operates in the mode of microwave signal filtering.
In the contrary case, the ring generates a microwave signal.
It should be stressed that our earlier studies have been
performed at G < 0 with the ring being essentially a ring
resonator [2,3].

The induced nonlinear shift of resonance frequencies was
examined by measuring the amplitude-frequency response
(AFR) of the ARR. A signal from vector network analyzer 7



Induced nonlinear frequency shift of an active ring resonator on a magnonic crystal

13

S>1,dB

-10 T T T T b

—— Experiment

5.8 59

-30

40

S>1, dB

=50

—60

=70

5.50 5.54 5.58

5.62 5.66 5.70

1, GHz

Figure 1. Schematic diagram of the experimental setup (a), amplitude-frequency response of the magnonic crystal (), and resonance

ARR curves for different values of effective gain G(c).

was introduced for this purpose into the ARR with the
use of directional coupler 5. The output ARR signal was
extracted by directional coupler 6 and fed to the input
terminal of the vector network analyzer. A microwave
pump signal with a certain fixed frequency from generator
8 was fed to the magnonic crystal via combiner 4 for ARR
frequency tuning. This signal induced a nonlinear phase
shift [20] of the small-signal spin wave circulating in the
ARR. This phase shift gave rise to a shift of resonance
ARR frequencies. Just as in [20], the nonlinear mechanism
establishing a nonlinear effect is the four-wave parametric
interaction of spin waves.

Preliminary measurements of the magnonic crystal AFR
(solid curve in Fig. 1,b) were performed first. The obtained
AFR had characteristic dips at frequencies corresponding
to bandgap frequencies of the magnonic crystal. The AFR
calculated with both transmission and spin-wave excitation
losses taken into account [21] is shown in the same figure
(dash-and-dot curve). The ARR AFRs were measured
after this; sections of the obtained curves are presented in
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Fig. 1, c. The peaks in these curves correspond to resonance
frequencies of the ring. An asterisk denotes the resonance
peak that was used to determine the nonlinear frequency
shift induced by the pump signal introduced into the ring.

The principal measurements aimed at examining the
induced nonlinear shift of resonance ARR frequencies were
performed next. Pump signal frequencies lying between the
resonance frequencies (f;—f3), at the resonance frequen-
cies (f4—Tf¢), and in the bandgap of the magnonic crystal
(f7) were chosen for the experiment (see Fig. 1,¢). It was
found that the resonance ARR frequencies decreased when
the pump signal was applied. The typical plot illustrating
the shift of the studied resonance peak is presented in
Fig. 2,a. It can be seen that, in contrast to the case of
bistability [22], the resonance curve underwent no nonlinear
shape distortion. The resonance peak amplitude decreased
with increasing pump signal power.

Symbols in Figs2,b and c denote the results of ex-
perimental measurements of the nonlinear shift of the
resonance peak frequency as function of the power level
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Figure 2. Resonance curves at different power levels of the pump signal with frequencyf (a). Experimental (symbols) and theoretical
(curves) dependences of the induced nonlinear frequency shift on the pump signal power at minima f;—f3; and maxima f4—f¢ (b)

frequencies and at bandgap frequency f of the magnonic crystal (c).

of the pump signal with various frequencies. The results
of calculations performed using a theoretical model (see
below) are represented by curves. It is evident that a
pump wave excited at frequencies f{—f3 (ie., between the
resonance ARR peaks) induces a nonlinear frequency shift
with a magnitude on the order of 1 MHz, which increases
almost linearly with pump wave power up to 15mW.
This is attributable to the fact that the high-frequency ring
resonance shifts toward the pump frequency as the pump
power rises. In other words, the right resonance shifts down
in frequency due to negativeness of the nonlinear coefficient
of surface spin waves and gets closer to the pump frequency.
At the same time, the low-frequency resonance shifts to
the left (away from the pump frequency). When a pump
signal with frequencies f4—fgs, which correspond to ARR
AFR maxima, is applied, the resonance peak is first shifted
efficiently at low pump power values, but the shift at higher
power levels is limited. This is due to the fact that the
resonance ring frequency shifts away from the pump signal
frequency as the pump power increases. Consequently, the

growth of the pump wave power slows down, and the
nonlinear frequency shift of the studied resonance ARR
peak gets saturated along with it. If the pump signal
frequency corresponds to the bandgap frequency (Fig. 2, ¢),
the resonance frequency shift is weak. since spin waves
decay rapidly in the bandgap of the magnonic crystal. In
general, the presented plots demonstrate that the effect gets
weaker at higher pump signal frequencies due to a reduction
in the efficiency of excitation of spin waves.

A model characterizing the induced nonlinear shift of
resonance ARR frequencies was developed in order to
interpret the measured dependences. It follows from simple
physical considerations that the resonance frequency shift is
brought about by induced nonlinear phase shift Agn_ of a
spin wave travelling in the YIG film [20]. Therefore, the
ARR power transmission factor is, in contrast to the linear
model [19], written as

0.5exp(—ad + @)

Hp(Jupl?) = cosh(ad — g) — cos(kd + ApinL(|up]?))
(1)
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where |up| is the normalized amplitude of precession of
magnetization of a pump wave, « is the damping ratio,
g = In(10%/?%) is the gain, and K is the wave number. The
resonance nature of dependence Agin. (|up|?) was taken
into account in the same way as in [22]. The resulting
expression for Agn. had the following form:

—0.5N2|Up|*dV, ! exp(—ad + g)

cosh(ad — g) — cos(kd + ApinL(|up|?))

(2)
where Nj, is the nonlinear coefficient for surface spin
waves, |Up|? is the squared absolute value of the dimen-
sionless amplitude of an input microwave pump signal, and
Vjy is the group velocity. Expression (1) for H allows one
to determine the normalized amplitude of a spin wave in
the resonator: |up|? = Hp|Up|%. Curves in Figs. 2,5 and ¢
represent the results of calculation of the induced nonlinear
frequency shift of the studied resonance ARR peak. It can
be seen that the developed model provides a fine fit to
experimental data.

It follows from the obtained results that a pump signal
may be used to control the spectrum of resonance ARR
frequencies. The maximum induced nonlinear frequency
shift observed in our experiments (1.5MHz) corresponds
roughly to a quarter of the distance between resonance
ARR frequencies. The examined effect has various potential
applications. For example, it may be used to tune ARR
frequencies and for data input into magnonic reservoir
computers [12-14].

Agine (|upl*) =
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