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ARTICLE INFO ABSTRACT

Surface acoustic waves (SAW) in dynamic magnonic crystals (DMC) are considered for their use to create tunable
spin-wave gadgets for processing of microwave signals. To understand the principles of operation of the pro-
posed gadgets, the necessary basic properties of DMC created by a SAW in the structure of “yttrium iron garnet
film on a substrate of gallium gadolinium garnet” are given. The prototype of the unique nonreciprocal notch
filter working in the range of 3600-4100 MHz at the biasing magnetic field of 640 Oe is fabricated and its main
characteristics such as dependences of the frequency and the depth of rejection pits on the frequency and power
of the controlling SAW are measured. At the frequency of SAW of 41 MHz and power of 30 mW, the depth of the
rejection pit reached 23 dB, the tunable shift of the notch frequency equaled to 7 MHz for a frequency change of
SAW by 1 MHz. DMC with SAW may also be used for frequency shifting and modulation of microwave signals.
Two configurations of prototypes of frequency shifting devices have been suggested, fabricated and their
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workability was shown experimentally.

1. Introduction

Surface acoustic wave (SAW) propagating in solids and layered
structures containing piezoelectric layers, and magnetostatic spin
waves (MSW) propagating in structures with layers of magnetic mate-
rials are widely used for information processing over the last decades.
SAW devices for signal processing in the frequency range of 0.01-3 GHz
and MSW devices in the frequency range of 1-20 GHz, such as delay
lines, transverse and bandpass filters, generators, phase shifters, etc.,
are proposed and experimentally implemented. SAW devices have ex-
cellent properties for practical use: (1) the ability to create devices with
independently specified frequency and phase characteristics, (2) a re-
latively large dynamic range and (3) relatively high thermal stability
(see, for example, [1-4]).

The main advantages of MSW devices over the SAW devices are (1)
essentially higher center frequencies and (2) the tunability of para-
meters by changing the external magnetic field. If many of SAW devices
are now commercially available, except, say, for a number of sensor
devices, the development of which continues also now, for the suc-
cessful application of MSW devices requires additional research and
development. In particular, it is desirable to eliminate the previously
well-known drawbacks of spin-wave devices that prevent their wide-
spread application: (1) insufficient temperature stability of the
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parameters and (2) a relatively small dynamic range. (see for example
[5,61).

New applications of spin-wave devices in high-speed logic, where a
small dynamic range, may not hinder their application, are under in-
vestigations [7-10]. Without a doubt, modern studies in magnonic will
lead to the creation of new functional devices with unique character-
istics.

In the present paper, we discuss the possibilities of the application
of properties of spin waves in magnonic crystals created by the SAW in
magnetic media for microwave signals processing. Some experimental
results on testing several simple prototypes of devices such as tunable
nonreciprocal notch filters, frequency shifters, and modulators are
presented to illustrate their operability.

2. The concept of the dynamic magnonic crystals

The concept of the so-called magnonic crystals has given a new
impetus to the development of devices that use MSW for processing
information (for example [11,12]). Magnonic crystals (MC), as they
were first named in [13,14], is a magnetic medium with periodic in-
homogeneities, for propagating spin waves in which there are forbidden
frequency gaps, defined by the period of these inhomogeneities. To
date, various configurations of MC have been proposed and
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experimentally tested, a number of devices using MC for information
processing have been invented and their efficiency was investigated
[12,15-17]. All this applies mostly to so-called static MC, magnetic
periodic inhomogeneities in which are created in space and are con-
stant in time, there is only a small number of publications devoted to
the dynamic MC [18,19], in which magnetic inhomogeneities are not
only in space but in time also. Dynamic MCs created by a SAW in yt-
trium iron garnet films at propagating surface magnetostatic waves
(SMSW) were described in [20-23]. Magnetic inhomogeneities in
magnetic media are created by SAW due to the effect of magnetos-
triction. The basic physical phenomenon explaining the main features
of such dynamic MC is “nonelastic scattering of SMSW on SAW”. This
phenomenon was investigated in the eightieth years of last century
[24-27]. SMSWs propagating in a magnetic material in which a SAW
also propagates can be effectively scattered by this SAW when the
following conditions of nonelastic scattering are met, (waves propagate
collinearly):

Wy = Wy + Q, /kr/+/k]/:/Q/, (1)
where w;_2n f, k;, wr-2n f,k, are circular frequencies and wave
numbers of incident and reflected SMSWs, 2 = 2% F and Q - the cir-
cular frequency and the wave number of SAW, respectively. f, f, and F
are linear frequencies of incident, reflected SMSWs and SAW, respec-
tively. The sign “+” in (1) corresponds to the case of the counter-
propagating of SMSW and SAW, the sign “~” corresponds to the co-
propagation case. Schematic diagram illustrating Eq. (1) is shown in
Fig. 1. SMSW propagating in such a media at certain frequencies, de-
termined by the phase matching conditions of interacting waves (1),
will be effectively scattered. The forbidden frequency gap arises for
SMSW near the phase matching frequencies. Thus, SAW and SMSW in
magnetics possess all the attributes of a magnonic crystal, to that at-
tention was drawn in [20]. We will use the abbreviation SAW-MC to
designate such magnonic crystals in this paper.

In [20-23] the main characteristics of the SAW-MCs were in-
vestigated. In [20] basic experimental results on studying of propaga-
tion SMSW in SAW-MC were described. The amplitude-frequency re-
sponses (AFR) of transmitted SMSW at different parameters of SAW had
been presented. In [22] experimental results on the investigation of the
influence of magnetic cubic crystallographic anisotropy onto para-
meters SAW-MC in YIG films were presented. The main feature of such
an influence is the appearance of additional magnonic band gaps to-
gether with the normal magnonic band gap existing without anisotropy.
The dependencies of the additional magnonic gaps frequencies and
their depth were measured as functions of SAW frequency and power.
In [21] experimental results on the nonreciprocity for SMSW in SAW-
MC in YIG films on the substrate made of gadolinium gallium garnet
(GGG) were presented. It was shown in [21] that the nonreciprocal
properties for SMSW in SAW- MC exist in structures even with the
symmetrical dispersion characteristic of SMSWs propagating in forward
and backward directions.

k, O k., k

Fig. 1. Diagram w-k explaining the interaction of waves in SAW — MC.
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Fig. 2. The Configuration of the sample (top view and side view) for experi-
mental investigation of microwave applications of devices based on SAW-MC.

3. Nonreciprocal tunable notch filter

Fig. 2 shows the configuration of the samples most convenient for
the experimental study of SAW-MCs based on structures consisting of
YIG films on GGG substrates. YIG films were grown by the method of a
liquid phase epitaxy on 500-um-thick GGG substrate of (11 1) crystal-
lographic plane. This is so-called monolithic configuration SAW-MC
that has been described previously in [20]. For the excitation and de-
tection of the SAW, thin piezoelectric films ZnO with interdigital
transducers (IDT) were deposited at the edges of structures as shown in
Fig. 2. The central frequency of the IDT was 41 MHz, the insertion loss
of the SAW-channel in the 50-Ohm measuring circuit with matching
was ~19dB. SMSWs in such MCs are excited and detected by means of
aluminum strips-antennas of 20-um- width and 0.7-pm-thick deposited
onto the surface of YIG film.

This configuration we used in our present work for demonstrating
the possibilities of controllable notch filter based on SAW-MC. To re-
duce spurious reflections of waves from the edges, the edges of the
samples have been cut off at an angle of 45 degrees as it usually does in
SAW and spin-wave devices [7]. The samples were placed in the uni-
form magnetic field of 640 Oe directed in parallel to the antennas. Ports
1 and 2 (see Fig. 2) were used for the measurements of the amplitude-
frequency response (AFR) of the S-parameters S;5 and S,; in the fre-
quency range from 3500 MHz to 4200 MHz, in which the SMSW with
reasonable insertion loss (IL) existed in our experimental layout. The
intensity of microwave signals applied to the ports did not exceed the
value above which the nonlinear effects occurred, usually less than
—3dBm, [23].

In MCs, there are forbidden frequency zones (gaps) in which the
SMSWs cannot propagate and are reflected effectively. Thus, an MC
may serve as a notch filter. The bandstop frequencies in a static MC are
determined by the period of the periodic magnetic inhomogeneities and
cannot be changed electronically. In SAW-MCs, as shown in [20,22],
the frequency of forbidden zones and their depth (center frequency and
the depth of magnonic band gaps) can be changed by changing the
frequency and intensity of the SAW. Thus, the SAW-MC is, in fact,
electronically tunable notch filter.

Fig. 1 clarifies the functioning of notch filters based on SAW-MC
graphically illustrating conditions imposed on the wave vectors and
frequencies of the interacting waves (see Eq. (1)). Curves 1 and 2 in this
diagram represent the branches of the dispersion curves of the SMSWs
propagating in opposite directions. The arrow 3 in this picture re-
presents the interaction between the incident and reflected SMSWs,
when microwave signals are supplied to the port 1 and passed micro-
wave signals are picked up from the port 2 (parameter S;, is measured).
The arrow 4 represents the interaction of SMSWs when an incident
wave is excited at the port 2 and a past wave is received by the port 1
(parameter S,; is measured). The SAW is excited by the left-hand IDT
and propagates in the same direction as incident SMSW. The dotted line
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Fig. 3. Insertion loss (IL) as a function of frequency, f, (Amplitude-frequency
response) of SMSW channel. SAW frequency 41 MHz. power 30 mW. IDT: 14
pairs of electrodes with 80-pm-period. YIG film: thickness 8.6um,
2AH = 0.7 Oe, distance between antennas 10 mm. Apertures of IDTs and an-
tennas equal 5 mm. Ho = 640 Oe. T, = 20 °C.

5 corresponding to the interaction of waves in the static MS is given
here for the comparison, if the periodic magnetic inhomogeneity with
the inverse lattice vector equal to the wave number of SAW would be
created technologically without exciting of SAW. In this case, the in-
cident and reflected waves would not be shifted in frequency relative to
each other, and there is no nonreciprocal properties in devices based on
such a structure.

The measured frequency responses IL(f) of the layout, is presented
in Fig. 3 as for parameter S;> and for S»; (IL is the abbreviation of the
“Insertion Losses”). One can see that the frequency of the rejection
changes when changing the direction of propagation of SMSW to the
opposite, i.e. this notch filter has the properties of the non-reciprocity.
The basic parameters of the structure used in this layout are given in the
figure caption. The results are presented for both parameter S;» and
parameter So; that is, for the cases of mutually opposite SMSWs pro-
pagation. The rejection pit frequency of the device is shifted by the
frequency of the SAW at the inversion of the direction of propagation of
SMSW in accordance with the Eq. (1). The frequencies of the rejection
pits are determined by the frequency of SAW. It was possible to adjust
the stop-band frequencies in a certain limit by changing the frequency
of the SAW, herewith the frequency shift between the frequencies of the
rejection pits at the inversion of the direction of propagation of the
SMSW also changed. The measured dependencies of the frequencies of
the rejection pits, fg, as a function of SAW frequency, F, for two mu-
tually opposite directions of SMSW propagation are given in Fig. 4.

SAW in this experiment was excited by the IDT nearest to the port 1.
In our experiment, these dependencies are practically linear at a given
YIG film thickness and relatively narrow range of SAW frequency
change. Solid lines in Fig. 4 were calculated using [25] without taking
into the account the influence of magnetic anisotropy and waves at-
tenuation at propagation and provided that the dispersion character-
istics of SMSW in structure are the same for both directions of propa-
gation. As follows from the results presented in Fig. 4 in our model,
changing the frequency of the SAW, AF, by 1 MHz leads to a shift in the
notch frequency, A fg, by ~7 MHz. In general, A fr = kAF is described
by the steepness of the governing characteristic k = %l}:, determined
by the shape of the dispersion characteristic of SMSW, by the frequency
of SAW and in certain conditions can reach 10 or more. Expression (2)
permits to calculate k as functions of Hp — external magnetic field, d- the
thickness of YIG film and F:

fy%l 7d

27Fd
k= 4 Vsaw = )

Vsaw
Tz

(2)
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Fig. 4. The frequency of rejection, fg, as a function of the SAW frequency, F.
Experimental points - measured from the AFC of the parameter S;, (SMSW and
SAW propagate in the same direction) and from the AFC of the parameter Sy,
(SMSW and SAW propagate in opposite directions). The solid lines are the
calculations. The sample parameters are given in the caption to Fig. 3. SAW
velocity in the structure is taken equal to 3.33 10° cm/s [20].

2, _oara 2 2 _ 2

Here: f; = [fo + 7(1 —e VSAW)] > Jm = ¥47TMo; 5 = f5 + fulw
fu=vHo; v — gyromagnetic ratio, Mo — the saturation magnetization of
YIG; d - the thickness of YIG film.

The expression (2) was obtained by solving together Egs. (1) and
Damon-Eshbach dispersion equation for SMSW [28], without taking
into the account the influence of magnetic anisotropy and waves at-
tenuation at propagation, provided that the dispersion characteristics of
SMSW in structure are the same for both directions of propagation and
F < fp. A fr calculated from (2) at AF = 1 MHz with our experimental
parameters was indeed 7 MHz. With decreasing of F, A fx increases, as
the interaction of SAW and SMSW occurs at a steeper section of the
dispersion curve (see Fig. 1), where the group velocity of SMSW is
greater, at F = 20 MHz A fr = 9MHz, at F = 10 MHz A fz = 12 MHz. At
H = 400 Oe and at F = 10 MHz (2) gives A fgr = 15 MHz.

The width of the notch (rejection) pit is determined by the width of
the magnonic stop-band of SAW-MC and at the conditions of our ex-
periment is depends only on SMSW attenuation value [20,21]. The
notch depth is controlled by the power of the SAW. The notch depth as
a function of SAW power for the sample under investigation is pre-
sented in Fig. 5. Thus, the notch frequency and the rejection depth in
the SAW-MC notch filter can be adjusted within certain limits, changing
the frequency and power of the SAW. As noted in the Introduction, spin-

D, dB

15} a .

P mwW

SAW ’

Fig. 5. Measured notch depths, D, as a function of the power of the SAW, Psaw,
in the magnonic crystal. Experimental points in the form of triangles-mea-
surements at fz = 3818 MHz at the counter-propagation of SMSW and SAW,
hollow squares-at the frequency fr = 3859 MHz at the co-propagation of SMSW
and SAW. Other experimental conditions as in Fig. 3.
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Fig. 6. Two designs of the frequency shifting device (top view) on the base of the SAW-MC and their measured output spectra. YIG film 8,4 pm, ZnO film 5, 5 ym. IDT:
14 pairs of aluminum electrodes with 80-um-period. Apertures of IDT and antenna 5mm. H, = 640 Oe. T, = 20 °C. SAW frequency F = 41 MHz, SAW power
Psaw = 5mW. (a) with two antennas, (b) with one antenna and circulator, (c) its output spectrum, (d) its output spectrum.

wave devices usually have insufficient temperature stability of the
parameters and the possibility of such adjustment will help to overcome
this drawback.

Frequency tuning of the device, as other spin wave devices, can also
be carried out by changing the biasing magnetic field [6].

4. Frequency shifting and modulating

Another example of application of SAW-MC for microwave signal
processing may serve suggested devices for frequency shifting and
frequency modulation. Two possible designs of these devices are pre-
sented in Fig. 6. In both designs the basis is the SAW-MS using mono-
lithic structures GGG - YIG film - ZnO film, as in the case of notch filters
described in previous section. The first design has two antennas (see
Fig. 6a): one antenna for exciting the SMSWs and the other is used for
signal's output. To excite the SAW, as in the layout of the notch filter,
used an IDT, deposited on the surface of the ZnO film. The main
parameters of this IDT are given in the caption to Fig. 6. The principle
of operation of the devices explains Fig. 1. When the SMSW of corre-
sponding frequency f and SAW of frequency F are excited and propagate
in the sample, the signals of frequencies fand f + F appear at the output
antenna in accordance with the Eq. (1) (see also Fig. 1). Setting the
required operating frequency of the device is made by changing the
external magnetic field as in any other devices based on the magneto-
static waves.

At a fixed magnetic field, the signal with the shifted frequency will
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appear only in a rather narrow frequency band of the input signal de-
fined by the external magnetic field and YIG film parameters.

The second design has a single antenna common for the excitation
of SMSW and for the reception of the shifted output signals of f + F
frequencies. This single antenna is connected to external circuits
through the circulator (Fig. 6b). This design can significantly reduce the
level of the frequency f at the output of the device compared to the
design with two antennas. The output spectra for two designs are given
in Fig. 6¢ and d. It is seen, the level of the signal with the frequency f is
rather high in both constructions in our experiment. However, in the
design of a single antenna with a moderate SAW power of less than
3 mW, the signal level with frequency f can be significantly reduced, by
20 dB or more, when using a circulator with interchannel isolation of
more than 20 dB. In this case, the impedances of the antenna and ex-
ternal circuits must be matched well. The dynamic range of these de-
vices is the same as that of all linear SNSW devices [6,23]. These de-
vices can be used for frequency modulation as well, with the output
spectrum having only one side frequency (no mirror frequency).

5. Conclusion

The concept of dynamic magnonic crystals with SMSW was shown
to be useful for creating unique nonreciprocal notch filters tuning by
SAW and for other microwave devices. Examples of SAW-MC based
prototypes of devices, described in this paper, illustrate the principal
mechanisms of their operation and application possibilities of SAW-
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MCs. The experimental parameters of devices obtained in the present
work can by no means be considered as ultimate since the objective of
the work was to demonstrate operation ability of the prototypes of the
devices based on SAW-MC. To improve of parameters of suggested
devices the optimization of their designs must be done.

It should be noted, that not all known to date useful properties of
SAW-MC, that could be used for the creation of signal processing de-
vices, were involved in the development of prototypes of devices de-
scribed in this work. As our estimations [22] show, the features of SAW-
MC due to magnetic anisotropy of YIG films investigated in [22], when
using for notch filters applications, would reduce the required power of
SAW by an order of magnitude to achieve the same parameters as those
obtained in this paper.
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