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The properties of spin-wave quanta, referred to as magnons, make them a promising signal carrier for
the transmission and processing of information in magnetic materials. In this field, called magnonics,
dynamic magnonic crystals attract special attention for applications such as complex real-time spectral
transformations, due to on-demand controllability of transmission gaps. Here, we report on the exper-
imental realization of the dynamic control of spin-wave band structures in artificial crystals using the
metal-insulator transition in the vanadium dioxide (VO;) grating. The obtained results are confirmed by a
theoretical approach predicting a dramatic variation of the reflection coefficient from the VO, stripes upon
the phase transition. The proposed structure combines the excellent versatility, fast switching speed, low

power consumption, and external control it affords.
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I. INTRODUCTION

The application of magnonic devices in wave-based
computing systems shows the growing potential for effi-
cient data transfer [1-6]. The key advantages offered by
magnons are operation in the gigahertz (GHz) and tera-
hertz frequency ranges, possibility to process data over a
wide temperature range, access to pronounced nonlinear
phenomena, and others. Despite these advantages, existing
logic and computational magnonic devices still demon-
strate lower efficiency and compactness in comparison
with their electronic counterparts based on the comple-
mentary metal oxide semiconductor (CMOS) architecture.
There are a number of problems that need to be solved
before magnonic logic devices will be able to compete
with CMOS-based circuits, including cumbersome Oe-
field tuning or subampere-current control. At the same
time, scientific and technological challenges in the field of
magnonics are being extensively investigated, and many
proof-of-concept prototypes have already been realized.
Nowadays, various concepts for interfacing magnonics
with CMOS are available that simplify integration into
hybrid systems. Magnon spintronics [7], magnetoelectric
[8], magnetoacoustic [9], and magneto-optical [10] solu-
tions are able to substitute the classical approach based on
Oersted fields, which have poor scaling behavior.

Other challenges associated with the implementation of
magnonic devices exploiting quanta of spin waves (SWs)
are related to the appropriate choice of waveguide material
and structure. Yttrium iron garnet (YIG) is the traditional
material for magnonics, owing to its physical properties:
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low magnetic damping for propagating SWs, wide tun-
ability of dispersion properties, and a variety of nonlinear
effects [11,12]. Regarding the waveguide structure, artifi-
cial magnetic media with periodically modulated proper-
ties, known as magnonic crystals, possess great potential
for signal-processing applications [13—19]. Their promis-
ing functionality arises from band-structure engineering
that is mainly caused by spin-wave Bragg reflections from
periodic disturbances. In YIG-based magnonic crystals,
these disturbances are produced by periodic variations of
thickness [20,21], width [22,23], magnetization [24,25],
and metallization [26,27]. However, the band structure of
these crystals is predetermined during fabrication and can-
not be easily modified without invoking structural changes
in the system. This restriction is resolved by exploiting
a waveguide structure with rapidly switchable periodic
properties, known as a dynamic magnonic crystal (DMC)
[28].

The intensive development of magnonics inspired a
range of DMCs based on different physical mechanisms
[29-36]. Among others, periodic metallization of a mag-
netic film surface is one of the conventional methods. The
general idea of this approach involves the influence of con-
ductive planes on spin-wave propagation in ferrite films
[37—42]. Spin-wave transmission in the YIG/metal bilayer
strongly depends on the metal thickness, its conductivity,
and the distance between layers. Dynamic control of one
of these parameters naturally realizes the essential ingre-
dients for a DMC. This concept can be implemented by
using transition-metal oxides due to the mechanism of a
metal-insulator transition (MIT).

Among various materials that undergo a prominent MIT
phenomenon, vanadium dioxide (VO,) is an advanced
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functional material with wide applications due to its physi-
cal properties [43,44]. Nowadays, VO, films are utilized in
Mott field-effect transistors [45], nanophotonics [46], neu-
romorphic devices [47], spintronic applications [48,49],
etc. Strong interest is focused on an abrupt change of the
conductivity near the VO, phase-transition temperature
(around 340 K). In principle, such a transition can be trig-
gered on ultrafast timescales using different stimuli: ther-
mal [50], electrical [51,52], optical [53], or external stress
[54]. Recent advances in the fabrication of magnonic struc-
tures and correlated oxide-based films constitute an essen-
tial milestone for cutting-edge interdisciplinary expertise
in magnonics and electronics. This topic has special poten-
tial, considering recent theoretical progress linking the SW
dynamics of ferrite films to the MIT properties of VO,
[55,56]. Following this idea, the proof of concept of the
control of microwave spin-wave dynamics in YIG/VO,
bilayers was reported on the microscale and nanoscale
[57,58]. In contrast to earlier works that focused on inves-
tigations of the direct impact of the MIT on spin-wave
dynamics, we demonstrate a variable reflection coefficient
for surface SWs from a VO, stripe. This phenomenon pro-
vides an alternative mechanism for the dynamic control of
magnonic band structures in ferrite films.

I1. DESIGN OF THE DYNAMIC MAGNONIC
CRYSTAL

The investigated device is fabricated in the form of a
phase shifter. Figure 1(a) illustrates the structure compris-
ing the YIG film, the attached VO, grating, and microstrip
antennas. The DMC itself is part of the YIG waveg-
uide contacted with the VO, stripes. A photograph of the
fabricated VO, grating is shown in Fig. 1(b).

The experimental structure is prepared by means of a
two-step technique. The first step is the fabrication of a
YIG film with a thickness of t=15.5 pm grown by liquid-
phase epitaxy on a gadolinium gallium garnet (GGQ)
substrate. The spin-wave waveguide was cut from the
YIG/GGG wafer in the form of a 3-cm-long and 2-mm-
wide stripe. Both edges of the stripe were cut at an angle
of 45° to prevent spin-wave reflections during microwave
measurements. The sample has a ferromagnetic resonance
linewidth of AH=0.6 Oe at a frequency of 5 GHz and
saturation magnetization of 4w M, = 1820 G at room tem-
perature that was verified by a local nondestructive tech-
nique, known as a “magnetic well” [59]. To accomplish the
effective excitation and reception of SWs in the structure,
short-circuited microstrip antennas with a width of 50 um
and a length of 2.5 mm are used. The antennas are posi-
tioned at the top surface of the YIG film at a distance of
7.3 mm away from each other and fed by microstrip trans-
mission lines of 50-2 characteristic impedance. The mea-
surement cell is magnetized by a uniform magnetic field
of H=1175 Oe applied across the YIG waveguide along
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FIG. 1. (a) DMC with two 50-um-wide microwave antennas

for excitation and reception of surface spin waves in an in-
plane magnetized layered structure. Antennas are patterned on
top of the YIG film at a distance of 7.3 mm away from each
other. DMC consists of 5.5-um-thick YIG film on GGG sub-
strate and physically separated 200-nm-thick vanadium dioxide
(VO,) stripes with a width of L,=100 um at a distance of
Ly =250 um. (b) Photograph of the VO, grating deposited on the
amorphous quartz (SiO;) substrate. (c) Cross section of a DMC
fragment.

the antennas to provide the conditions for the excitation of
surface SWs.

The second step is the fabrication of the VO, grat-
ing. First, a VO, film with a thickness of § =200 nm is
deposited on the amorphous quartz (SiO,) substrate by
reactive dc magnetron sputtering under an argon and oxy-
gen atmosphere. The film deposition time was 30 min,
while the target-substrate distance was 80 mm. The sample
had in-plane dimensions of 4 x 2 mm?. Then the stripes of
the VO, grating were produced from the deposed film by
the laser ablation technique. To accomplish this, a high-
power ytterbium fiber laser with a precise galvanometric
scanning module was used. The laser operated in a pulse
regime with a repetition rate of 50 kHz, pulse duration
of 100 ns, spot diameter of 100 um, and peak power of
50 pl. As shown in Fig. 1(a), the design of the periodic
structure consists of ten parallel VO, stripes with a width
of L, =100 um spaced by L; =250 pum. Thus, the lattice
constant is A =L, 4+ L; =350 pm. Finally, to implement
the DMC, the VO, grating is pressed on top of the YIG
film so that the stripes are located on its surface [see
Fig. 1(a)]. As shown in Fig. 1(c), a thin air gap between
the VO, grating and YIG film exists due to imperfec-
tions located at the edges of the VO, stripes. The profile
of the stripes is investigated and discussed in detail in
Sec. I1I.
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III. CHARACTERIZATION OF THE VO,
GRATING

The operating principle of the studied device is based on
the transformation of the spin-wave dispersion spectrum,
which occurs due to a prominent change in the VO, con-
ductivity. To study the properties of the VO, grating, we
examined the structural properties, phase-transition mech-
anism, and surface profile. Figure 2(a) shows the x-ray
diffraction pattern of the deposited film, where an insu-
lating monoclinic phase of vanadium dioxide with (110)
orientation in the region of 260 =28° is detected. Figure
2(b) illustrates temperature dependences of the VO, con-
ductivity. Here, a sharp change in conductivity from 1.35
to 1980 S/cm is observed in the temperature range from
315 to 345 K with both heating (red squares) and cool-
ing (blue circles). This process is associated with a first-
order phase transition caused by the transformation of a
monoclinic VO, crystal structure into a tetragonal one.

We use atomic force microscopy to further examine the
geometry of the VO, stripes. Figure 3 presents a typical
morphology measured at area of 100 x 100 pm? surround-
ing a stripe edge. The white dashed line in Fig. 3(a)
shows the path where a surface profile is examined. As
can be seen, both surfaces of the VO, film and amor-
phous quartz substrate are almost homogeneous within the
regions marked I and III, while imperfections are concen-
trated along the edges of the VO, stripe corresponding to
region II. This region has a width of L; =30 um and con-
sists of defects with the shape of vertical flakes and tips
measuring up to 2.7 pm in height [see Fig. 3(b)]. These
defects are formed during the ablation process, which
causes a deformation of the surface of the melt and its
intensive outflow from the affected area is probably accom-
panied by splashing. Owing to these effects, the oxygen
concentration in region Il can vary over a wide range, sup-
pressing the MIT nature of VO, stripes [60—62]. Note that
these imperfections also provide the gap between the grat-
ing and the surface of the YIG film. This gap is considered
to be a low-conductive layer with a thickness of 2.7 pm
[see Fig. 1(c)]. According to our estimates, the introduction
of a thin low-conductive layer between the YIG and VO,
films has a negligible impact on the spin-wave dynamics
in the GHz frequency range.

IV. THEORETICAL APPROACH

The propagation character of SWs is of crucial impor-
tance for magnonic crystals, since the band structure is
mainly caused by the destructive interference of incident
waves and those reflected by the grating. To get a deeper
insight into the MIT-induced reflection mechanism, the
problem of SW scattering from VO, stripes can be posed
as an integral-equation formulation of the problem, similar
to the phenomenological approach developed in Ref. [63].
In that work, the authors derived the following equation

to describe reflections of surface SWs in a ferrite film
with thickness ¢ from a perfectly conductive stripe with
width w:

Slnh(Kz*t) Moxx _j Mexy
sinh(K>7) 1 —J My + Maxx

T ~jaw? (K, — K3)

(1 + pe)® + 142,
M3+ 13y

025+ p%1 —e 2K
X
cosh(wB) 4¢

(D

where K, and K] are wave numbers of surface
SWs propagating in the forward and backward direc-
tions, respectively, in the metal-coated ferrite film; 8 =
1in [1 —J by o+ P P+ Py
2r 1+ iy + Bxx foxx —J Ky
ments of the magnetic permeability tensor of the ferrite
layer. To apply this approach to a magnetic structure cov-
ered by a VO, stripe with finite conductivity, in Eq. (1)
we substitute the complex wave numbers k, and k3 for
K, and K7, as well as 6 and L, for ¢ and w. Both com-
plex wave numbers can be obtained at the same carrier
frequency, w = 2nf, using the theory presented in our
earlier work [55]. Recently, a similar model was used to
describe low-loss spin-wave propagation in YIG/Pt bilay-
ers covered by a ground plate [41]. Moreover, we use the
elements of the permeability tensors written in a complex
form:

]; and piy and pu,, are the ele-

o = 1 (wy +jwa)wy e = wwy
= (wp +j wa)? —w?’ Y (wy +jwa)? — w?
Here, wy =2n|y|H; a = AH/H; wy = 2m|y|4mwM;,

where |y| = 2.8 MHz/Oe is the gyromagnetic ratio; and
AH is the ferromagnetic resonance linewidth.

The derived relationship was used to analyze the vari-
ation of the reflection coefficient for different values of
VO, conductivity obtained from the experimentally deter-
mined dependences [see Fig. 2(b)]. The corresponding
calculations were carried out for parameters of the struc-
ture, as outlined in Fig. 1(c). The result of modeling is
shown in Fig. 4. Here, the SW carrier frequency was nor-
malized by a cutoff frequency for the surface SW, f| =
Vo (wg + wy)/2m, to distinguish the influence of tem-
perature on the ferrite magnetic properties from the direct
impact of the MIT.

As seen in Fig. 4, the VO, stripe exhibiting an insulator
state (o0 = 60 S/cm) provides a low power-reflection coeffi-
cient (|I'|*> < 0.001) in the experimental frequency range.
In this case, only up to 0.1% of the incident SW energy is
reflected due to the low impedance mismatch between the
waveguide sections. It means that the array of VO, stripes
has a negligible effect on the scattering of SWs. A rapid
change in the VO, conductivity up to 1600 S/cm provides
an increase of the power-reflection coefficient from 0.001
to 0.137 at 1.018 /1. This process is of crucial importance
to predict the SW band structure.

044026-3



ALEKSEI A. NIKITIN et al.

PHYS. REV. APPLIED 20, 044026 (2023)

(a) 30
S
:_9‘ =z
i 20 o
k3
>
‘n
C
[0}
£ 10
O A Jvea
20 30 40 50
20 (deg)
(b)
10%

Conductivity (S/cm)
o

-
o
-
1

315 320 325 330 335 340 345

Temperature (K)
FIG. 2. (a) X-ray diffraction pattern of the vanadium diox-

ide (VO,) sample deposited on the amorphous quartz substrate.
(b) Temperature dependences of the VO, conductivity, showing
a metal-insulator transition between 315 and 345 K. Measured
results are shown by red and blue symbols attributed to heating
and cooling semicycles, respectively.

Following the nature of the Bragg resonance, the for-
mation of transmission gaps, referred to as rejection
bands, is due to multiple reflections from the edges of
all stripes, which form partial standing waves in the
space between the VO, stripes. The effect of a set of
the stripes is obtained by cascading the structural peri-
ods using the transfer-matrix method. According to this,
matrices T and T® were used to describe the sur-
face SW propagation in the uncovered YIG film and
YIG/VO, bilayer, respectively. These matrices have diag-
onal components only: Till) =1/ Tglz) =exp(—jkiL);
Tﬁ) = exp(—j ko Ly); Tg) = exp(jk5L,). Here, ki, k>, and
k3 are complex wave numbers of the surface SWs propa-
gating in the uncovered YIG film, YIG/VO; bilayer in the
forward and backward directions, respectively. Matrices
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FIG. 3. (a) Atomic force microscopy image of the VO, grat-
ing. Almost homogeneous regions I and III correspond to sur-
faces of VO, and SiO,, respectively, while region II, highlighted
by red dashed lines, represents imperfections along the edges of
the VO, stripe. (b) Surface profile measured at the path marked
by the white dotted line in (a).

T® and T® described reflections of the surface SWs from
the front and rear edges of the VO, stripe, respectively.
As shown in Fig. 4, the reflection coefficient of a single
stripe strongly depends on the VO, conductivity. Consid-
ering that the derived reflection coefficient at the edges of
a VO, stripe is |I'|, and the transmission through the junc-
tion is 1 — |I'|, the matrices are given by Tﬁ) = T;zz) =
/A =T, T =T =T/ =T, T)) =T =
1/(1 +|T]), and T\3 = TS = —|T'|/(1 + |T'|). The final
transfer matrix for the ferrite film with the VO, grat-
ing formed by N =10 stripes is obtained by multiplying
all T matrices as follows: Ty = (T . T@ . T® . T®)N
Therefore, the complex transfer function for the spatially
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FIG. 4. Color-mapped surface of the power-reflection coeffi-
cient for surface spin waves in the ferrite film from the VO,
stripe versus frequency obtained for various conductivities across
the metal-insulator transition. Coloring is proportional to the
calculated reflection coefficient indicated by the color bar.

periodic structure is equal to 1/Txi;, and the power-
transmission characteristic of the considered structure
is given by S = 20log,o(1/|Tx11]). As a result, this
approach allows one to calculate the transmission charac-
teristics of the proposed DMC.

V. DYNAMIC CONTROL OF MAGNONIC BAND
STRUCTURE

Consider now the propagation of the spin wave in the
MIT-induced DMC. To this end, we carried out both
theoretical and experimental investigations. In the experi-
ments, we used a vector network analyzer (R&S®ZVA40)
to measure the transmission characteristics of the DMC
placed in a temperature-controlled probe station. Follow-
ing the nature of the MIT hysteresis, we restrict ourselves
to investigate only the transmission characteristics for the
heating semicycle. The results are presented in Fig. 5.
Here, experimental and theoretical transmission character-
istics of the DMC are presented by black solid and red
dashed lines, respectively. Note that additional dips exist-
ing in the experimental transmission characteristics near
room temperature are formed due to standing spin-wave
resonances appearing in the YIG film with pinned surface
spins [64].

During modeling, we found out that the best possible fit
between theoretical and experimental data was achieved
when the stripe width was reduced by twice the defective
region width, so that L5=L, — 2L,. The most probable rea-
son for that is the disturbance of the VO, film’s stoichiom-
etry due to high thermal treatment after grating production.
As mentioned above, the width of the defect regions, L, is
equal to 30 um at each side of the VO, stripes. In this case,
the stripe width, L3, is equal to 40 pm, while the period of
the grating, A =350 pum, remains the same. An additional
small deviation between theoretical and experimental data

is explained by the existence of other sources of inser-
tion losses, such as mismatch losses, microstrip antenna
impedance mismatches, and weak random inhomogeneity
in the waveguide.

Next, we discuss the MIT-induced control of the band
structure presented in Fig. 5. Near room temperature, the
conductivity of the VO, grating is low [see Fig. 2(b)].
The insulating stripes have a negligible effect on spin-
wave propagation, resulting in the absence of any periodic
properties in the structure. To demonstrate this, the trans-
mission characteristics of the free-standing YIG film and
the YIG film covered by the VO, grating were measured
at room temperature. The results are shown in Fig. 5(a)
by black solid and blue dashed-dotted lines, respectively.
As seen in this figure, the loss slowly increases from
a minimum value of 17 dB to about 45 dB for both
structures.

Heating of the DMC provides the transition of the VO,
grating to an intermediate state. Namely, the variation of
temperature within a narrow range from 336 to 339 K pro-
vides a sharp increase in VO, conductivity from 240 to
1050 S/cm. As presented in Figs. 5(b)-5(d), the impact
of the grating on the DMC performance characteristics is
enhanced by heating. While the band structure in Fig. 5(b)
is not practically visible in the transmission characteris-
tic measured at 336 K, the depths of the rejection bands
become more pronounced for the DMC heated to 339 K
[see Fig. 5(d)]. This occurs mainly due to an increase of
the reflection coefficient. At the same time, insertion losses
introduced by the grating are enhanced and result in nar-
rowing of the bandwidth from 0.062f, to 0.05f ", , as shown
in Figs. 5(b) and 5(d), respectively.

As seen in Fig. 5(e), the impact of the grating on the
SW transmission becomes stronger at 341 K, where the
VO, conductivity is 1670 S/cm. In contrast to the pre-
vious case of 339 K, the DMC bandwidth narrows to
0.027f . Following conventional Bragg analysis, the first
two rejection bands are formed at frequencies of 1.009f
and 1.018/,, while the third one is not observed in the
experiment due to its frequency position near the border
of the bandwidth. The depth of the first rejection band is
2 dB. This value is caused by a weak reflection of the
SWs from the VO, stripes (|I'|> = 6.4 x 107). Numeri-
cal calculation predicts the rise of the reflection coefficient
with frequency, resulting in more pronounced high-order
rejection bands [see Fig. 4]. Indeed, the depth of the sec-
ond rejection band significantly increases. Note that this
rejection band demonstrates the greatest depth over the
entire temperature range studied. This is because lower
temperature provides weak SW reflections, while higher
temperature leads to a suppression of high-order rejection
bands.

To demonstrate this suppression, we heated the struc-
ture to 343 K, where the conductivity of the VO, stripes
was equal to 1925 S/cm. As presented in Fig. 5(f), the
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FIG. 5. Transmission characteristics of the dynamic magnonic crystal for six temperatures of (a) 310 K, (b) 336 K, (c) 338 K (d)

339 K, (e) 341 K, and (f) 343 K. Here, black solid curves represent experimental characteristics, while red dashed lines show, for
comparison, results of the theoretical analysis. Black dashed-dotted vertical lines show the frequencies that correspond to the wave

numbers satisfying the Bragg reflection.

grating strongly affects the spin-wave dynamics. This
effect can be described as follows. First, the transmis-
sion characteristic is suppressed by 12 dB in comparison
with the uncovered YIG waveguide, and its bandwidth is
narrowed to 0.014f . This behavior is determined by an
increase in the insertion losses introduced by the conduct-
ing grating. Second, a single rejection band at a frequency
of 1.009f ', is formed within the bandwidth of the structure.
Other rejection bands are formed outside the transmission
characteristic and do not appear in the experiment. The
depth of the first rejection band is 4 dB, which is more pro-
nounced than the one in the previous case of 341 K. This
difference is caused by increasing conductivity resulting in
a higher reflection coefficient.

VI. FINAL REMARKS AND CONCLUSIONS

To fully exploit the potential of the proposed concept
for practical applications, the device sizes and the method
to induce the MIT phenomenon have to be optimized.
Miniaturization of the magnetic waveguide can be realized
by using the latest generation of YIG films of submi-
cron thicknesses fabricated by using various techniques
[65—67]. The low energy consumption of DMCs and
minimal activation time of a magnonic band structure can

be achieved by using an electrical-induced MIT instead of
by adjusting the temperature. To demonstrate this, we per-
formed additional measurements showing the principle of
spin-wave control by a direct current through a 500-nm-
thick VO, stripe placed on the surface of a 5.7-um-thick
YIG film with a saturation magnetization of 1750 G. We
fabricated VO, and YIG samples by the same approach,
as described in Sec. II. The measurement cell was magne-
tized by a uniform magnetic field of H= 1175 Oe applied
across the YIG waveguide and the VO, stripe connecting
to the Keithley 2410 source meter. To prevent the scatter-
ing of spin waves from a thin nonmagnetic wire carrying
a dc current, an external resistor of resistance Ry =8 kQ
was added to the electrical circuit between the power sup-
ply and VO, stripe. The application of a direct current of
14 mA to the stripe induces an abrupt increase in VO, con-
ductivity, which governs the increase of insertion loss and
leads to narrowing of the transmission band to 260 MHz.
This behavior is similar to the results obtained by adjust-
ing the temperature, as presented in Fig. 5. Accordingly,
the spin-wave transmission can be effectively changed by
varying the direct current to a maximum value of 14 mA
applied to the VO, stripe. In contrast, current control of
the magnetic Oersted field produced by a wire or a set
of wires in logic devices [68] and in DMCs [28] requires
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more than 1.2 and 0.5 A, respectively. Moreover, the acti-
vation time of the magnonic band structure in the proposed
current-controlled device depends mainly on the switching
time between insulating and conducting states in a VO,
stripe. For an electrical-induced MIT, this time is in the
order of nanoseconds [69], which is comparable to exist-
ing current-controlled magnonic crystals. A detailed study
of the effect of the electrical-induced MIT on spin-wave
dynamics falls outside of the scope of this manuscript.
However, we believe that it deserves to be the subject of
another research paper, and we sincerely hope that our
paper will become a trigger for such studies.

In summary, the proposed DMC offers promising fea-
tures, such as alternative mechanisms for engineering of
the band structure, low energy consumption, and ultrafast
switching times. In addition, these crystals are compatible
with conventional magnonic devices enabling enhanced
logic functionality. Thus, the considered structures look
favorable for applications as a complimentary part to the
traditional approach for general computing and microwave
signal processing.
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