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1. Introduction

Magnonics is a rapidly growing field of 
research that studies materials, structures, 
devices, and circuits for transfer and pro-
cessing of microwave signals via spin 
waves.[1–9] In magnonics, one of the main 
building blocks are the so-called magnonic 
crystals (MCs).[9–14] MCs are magnetic 
metamaterials with periodic modulation 
of any magnetic parameter that is relevant 
to the dispersion of spin waves: external 
magnetic field, saturation magnetization, 
exchange properties, magnetic anisotropy, 
film thickness, mechanical stress, etc. MCs 
can be understood as the magnetic coun-
terpart of photonic crystals, their major 
characteristic is the presence of allowed 
and forbidden bands for spin wave propa-
gation. MCs are currently considered for 
application as waveguides,[2,15] filters,[16] 
grating couplers,[17] and in data processing 
devices.[12] The main advantages of MCs 
for applications are the tunability of the 
band structure by external magnetic field, 

In this work, a class of metamaterials is proposed on the basis of fer-
romagnet/superconductor hybridization for applications in magnonics. 
These metamaterials comprise of a ferromagnetic magnon medium that is 
coupled inductively to a superconducting periodic microstructure. Spec-
troscopy of magnetization dynamics in such hybrid evidences formation of 
areas in the medium with alternating dispersions for spin wave propaga-
tion, which is the basic requirement for the development of metamaterials 
known as magnonic crystals. The spectrum allows for derivation of the 
impact of the superconducting structure on the dispersion: it takes place 
due to a diamagnetic response of superconductors on the external and stray 
magnetic fields. In addition, the spectrum displays a dependence on the 
superconducting critical state of the structure: the Meissner and the mixed 
states of a type II superconductor are distinguished. This dependence hints 
toward nonlinear response of hybrid metamaterials on the magnetic field. 
Investigation of the spin wave dispersion in hybrid metamaterials shows 
formation of allowed and forbidden bands for spin wave propagation. The 
band structures are governed by the geometry of spin wave propagation: in 
the backward volume geometry the band structure is conventional, while in 
the surface geometry the band structure is nonreciprocal and is formed by 
indirect band gaps.

Hybrid Magnonic Crystals
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convenient micro and sub-microscales, and the microwave fre-
quency range of operation.

Currently, a rich variety of approaches exists for develop-
ment of 1D and 2D MCs in planar geometry. This variety 
includes straightforward ways, such as periodic grooving or 
thinning of ferromagnetic films,[18–20] as well as more sophisti-
cated techniques. For instance, employment of current-carrying 
microstructures,[21] development of bi-component MCs,[13,22–24]  
dot[25] and antidot[9,15,26] ferromagnetic lattices, nanowire 
lattices,[27] engineering of systems with antiferromagnetic 
coupling,[28] and systems with periodic Dzyaloshinskii–Moriya 
interactions[29] have been reported. Various types of MCs are 
developed pursuing miniaturization of magnonic devices and 
tunability of their operation bands.

In this work, we propose to compose MCs by hybridizing 
ferromagnetic (F) films with periodic superconducting (S) 
structures, i.e., as S/F hybrids. Currently, hybridization of 
ferromagnets with superconductors for magnonics is gaining 
a momentum. In particular, in superconducting-proximity-
coupled Nb/Ni80Fe20/Nb three-layers in in-plane fields, a 
substantial reduction of the ferromagnetic resonance (FMR) 
field by μ0H  ≈ 30–80  mT (and corresponding enhancement 
of the FMR frequency by several GHz) is reported.[30,31] This 
reduction of the resonance field by superconducting phenom-
enon is believed to be attributed to the generation of uncon-
ventional spin-triplet superconductivity[30] or to an interplay 
of the ferromagnetic layer with superconductor-induced 
magnetic flux.[31] Also, a number of effects were reported for 
proximity-decoupled superconductor/ferromagnet bi-layer 
systems in out-of-plane magnetic fields. On elementary level 
in such systems, an interplay of magnetization dynamics in 
a ferromagnet with the critical magnetic state of a supercon-
ductor takes place,[32] which results in a complex hysteresis 
behavior of the FMR absorption. On the other side, coupling 
of a ferromagnetic film with the ideal hexagonally ordered 
superconducting vortex lattice produces periodic perturba-
tions of magnetic order in the film and facilitates forma-
tion of forbidden bands for spin wave propagation.[33] In 
such magnonic architecture, forbidden bands are opened at 
Brillouin wavenumbers that correspond to the period of the 
flux-line lattice, and therefore, can be adjusted by changing 
the out-of-plane component of magnetic field. Moreover, 
moving superconducting vortices can also be employed for 
radiation of magnons in superconductor-ferromagnet multi
layers.[34] In case of proximity-decoupled superconductor/
ferromagnet bi-layers in in-plane fields, it was demonstrated 
that coupling of spin waves with a superconductor results in 
enhanced phase velocity of spin waves.[35,36] The enhance-
ment occurs due to screening of AC magnetostatic stray fields 
by a superconductor, and can be viewed as the interaction of 
spin waves with an ideal conductor,[37–40] or with the Meissner 
screening currents.[35,36]

We propose to employ capabilities of superconductors to 
modify dynamic properties of ferromagnets for development 
of a medium with periodically modulated spin wave disper-
sion. As discussed in this work, dispersion of such metamate-
rials exhibits magnonic band structures. Dynamic behavior of 
MCs is determined by the geometry of spin wave propagation. 
In addition, a nonlinear response of hybrid metamaterials on 

magnetic field is noted. Development of MCs by hybridizing 
ferromagnetic films with superconductors may appear to be 
effective for application in cryogenic temperatures (see refer-
ences in ref.  [32]), it paves the way for design of tunable MCs 
on microscales.

2. Results and Discussions

2.1. Experimental System

The investigated hybrid system is illustrated in Figure  1. The 
system consists of a regular superconducting niobium (Nb) 
structure placed on top of ferromagnetic Ni80Fe20 permalloy 
(Py) thin film. The superconducting periodic structure is repre-
sented by an array of Nb stripes of dimensions X × Y × Z = 3 × 
130 × 0.7 µm3 placed with the period a = 4 µm along the x-axis. 
The stripes have a triangular rather than a rectangular cross-
section in x–z plane with the base 3 µm and the height 0.7 µm 
(see Figure 1b and the Supporting Information). The triangular 
cross-section is formed due to the off-axis deposition of mag-
netron sputtered Nb film on the substrate, which is primed for 
the lift-off process, i.e., that is covered with a patterned photo-
resist. The array of stripes is placed on top of 1100 × 130 µm2 
Py rectangle film of thickness d = 50 nm. The Py/Nb sample is 
placed on top of 150 µm wide central stripe of the 50 Ω imped-
ance superconducting Nb coplanar waveguide (CPW) formed 
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Figure 1.  a) Schematic illustration of the investigated test chip (not 
to scale). A 50 nm thick Py film (shown in orange) is placed on top of 
the central conducting line of Nb CPW (shown in blue). Nb stripes of 
thickness 0.7 µm and width 3 µm are placed regularly on top of Py thin 
film with the period 4 µm. Magnetic field H is applied along x-direction 
and excitation microwave field is applied along y-direction. b) Scanning 
electron microscopy image of the fabricated structure taken with back-
scattered electrons and a 60°-tilt of the sample table.



www.advancedsciencenews.com

1900435  (3 of 8) © 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advancedscience.com

on Si substrate. A 5 nm thick AlOx insulating layer is deposited 
between superconducting and ferromagnetic layers in order 
to avoid the superconducting proximity effect. The measured 
superconducting critical temperature of Nb CPW is Tc  ≈ 9  K.  
The superconducting critical temperature of Nb stripes is 
expected to be reduced due to contamination from organic 
resist during deposition and is expected to be Tc  > 8  K. Mag-
netic field H is applied along the x-direction, i.e., the so-called 
backward volume (BV) geometry[18,41] is realized.

The FMR absorption spectroscopy was performed using 
the vector network analyzer (VNA; the so-called VNA-FMR 
approach).[42–45] In this work, the same experimental setup was 
used for investigation of the resonant absorption and the same 
sample layout as in refs. [35,45].

2.2. FMR Spectrum of Hybrid Metamaterials

Figure  2a,b shows transmission spectra dS21(f, H)/dH of the 
studied sample at T  = 4  K. For better appearance of experi-
mental data, both measured spectra S21(f, H) have been first 
normalized with S21( f  ) at µ0H = 0.5 T, and then differentiated 

numerically in respect to H. Spectra were measured for two 
samples: for a pristine ferromagnetic film prior to deposi-
tion of Nb stripes (Figure  2a), and for the same Py film with 
deposited Nb stripes (Figure 2b), referred to as the MC sample. 
Field-dependent spectral lines in Figure  2a,b correspond to 
FMR curves fr(H). Figure 2c compares cross-sections of spectra 
dS21(f)/dH obtained before and after deposition of Nb stripes.

FMR curve fr(H) of the pristine sample follows the typical 
Kittel dependence for thin ferromagnetic films in in-plane mag-
netic fields[41]

π μ γ( ) ( )( )= + + +f H H H H M2 /r 0
2

a a eff � (1)

where µ0 is the vacuum permeability, γ = 1.856 × 1011 Hz T−1 
is the gyromagnetic ratio for Py, Ha is the anisotropy field, and 
Meff is the effective saturation magnetization that includes 
the actual saturation magnetization Ms and the out-of-plane 
magnetic anisotropy. The fit of the FMR curve in Figure  2a 
with Equation  (1) yields the following parameters typical for 
Py: µ0Ha  = 4  mT and µ0Meff  = 1.14  T. Note that convention-
ally the value of the effective magnetization for Py is about 
1 T. Slightly higher value of Meff in this work can be explained 
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Figure 2.  a,b) Transmission spectra dS21(f, H)/dH of the a) pristine Py film and b) MC sample measured at 4 K. c) Cross-sections dS21( f  )/dH of spectra 
at few selected magnetic fields H. d) Dependencies of FMR frequency on magnetic field fr(H). Experimental fr(H) curves extracted from (b) are shown 
with dots. Solid and dashed lines show the Kittel fit with the screening effect incorporated. The inset in (d) shows the dependence of the frequency 
difference between resonance curves on magnetic field Δfr(H).
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by enhancement of the saturation magnetization in low tem-
peratures in accordance with the Bloch theory (Ms∝  − T3/2), 
as well as by possible presence of growth-induced or thermal-
expansion-mediated anisotropies.[32]

The spectrum of the MC sample (Figure 2b,c) is qualitatively 
different when measured below the superconducting critical 
temperature of Nb. Application of superconducting Nb stripes 
results in splitting of the FMR signal into two spectral lines. 
Experimental resonance curves fr(H) for the MC sample are 
given in Figure 2d with dots. As follows from Figure 2b,d, the 
distance between resonance curves Δfr increases progressively 
from 0 up to ≈0.45 GHz when magnetic field is changed from 
0 to ≈10 mT, and then decreases slowly from Δfr ≈ 0.45 GHz to 
Δfr  ≈ 0.4  GHz when magnetic field is further increased from 
µ0H  ≈ 10  mT to 50  mT (see the inset in Figure  2d). Impor-
tantly, at T > Tc the FMR spectrum of the MC sample consists 
of a single resonance line and in general reproduces one of the 
pristine sample (see the Supporting Information). Therefore, 
the splitting of the FMR signal is clearly associated with super-
conductivity of Nb stripes.

We state that the very basic property of superconductors, 
i.e., the expulsion of the magnetic field from a supercon-
ductor, is responsible for the splitting. Indeed, when super-
conducting stripes screen-out the magnetic field from their 
interior it increases H outside of stripes in their vicinity due 
to the demagnetizing effect.[46] Therefore, we conclude that the 
higher-frequency stronger FMR line in Figure  2b,d is a result 
of the FMR absorption by the area of Py film located directly 
under the Nb stripes where the field is enhanced (referred to as 
area I), while the lower-frequency weaker FMR line is a result of 
the FMR absorption by the area of Py film located between Nb 
stripes (referred to as area II). In general, a magnetic structure 
that consists of two periodic areas with alternating FMR condi-
tions is referred to as the MC, for such structure a discontinuity 
of the spin wave spectrum is expected at the Brillouin wave-
numbers of the structure ∝1/a. Below we analyze in details the 
impact of superconducting stripes on the FMR spectrum of the 
MC sample.

The curve Δfr(H) in Figure  2d reflects the dependence of 
the superconducting critical state of Nb stripes on the mag-
netic field. At low magnetic fields µ0H < 10 mT, where Δfr(H) 
grows rapidly with H, Nb stripes are at the ideal diamagnetic 
(i.e., Meissner) state. At the Meissner state, the magnetic flux 
is expelled from a superconductor by the circulating Meissner 
screening currents, and, therefore, the effect of supercon-
ducting demagnetizing field on FMR is simply proportional 
to the applied magnetic field. Upon increasing the magnetic 
field the Meissner state is terminated at µ0Hc1 ≈ 10 mT, known  
as the first superconducting critical field. This estimate includes 
the demagnetizing factor of Nb stripes. At H > Hc1, magnetic 
flux starts to penetrate in the form of Abrikosov vortices, the 
ideal diamagnetic response of Nb stripes on the external mag-
netic field is ceased. However, the Meissner screening currents 
persist since both FMR lines remain separated. Such behavior 
implies a nonlinear dependence of the spin wave dispersion on 
magnetic field. Note that typically in Nb the first critical field 
µ0Hc1 ∼ 10–100 mT. In this work, low µ0Hc1 ≈ 10 mT indicates 
a nonexcellent quality of Nb that is a result of deposition of Nb 
onto the substrate that is covered with organic resist.

Importantly, the spectrum of the MC sample in Figure  2b 
is almost reversible in respect to the H-axis. Reversibility of 
the FMR spectrum indicates reversibility of magnetization of 
superconducting Nb stripes. Reversibility of magnetization 
of a type-II superconductor points toward inapplicability of 
the Bean critical state model,[47,48] which correlates the mag-
netization of hard type-II superconductors with the pinning of 
Abrikosov vortices. In our case, reversibility of magnetization of 
Nb stripes is promoted by the vortex shaking mechanism[49–54] 
when alternating magnetic fields depin vortices and prevent 
formation of the Bean gradient of magnetic flux. Note, that the 
reversible behavior of the FMR spectrum is in contrasts with 
one for S/F film structures in out-of-plane magnetic fields.[32]

The impact of the superconducting structure on the FMR 
spectrum can be quantified by the estimation of the magne-
tostatic stray fields in the Py film induced by the supercon-
ducting structure, as illustrated in Figure  3. Superconducting 
stripes, being treated as ideal diamagnets, possess magneti-
zation = −

� �
M H H( )sc  everywhere inside stripes. In addition, 

since the Py/Nb sample is placed on top of the central line 
of superconducting Nb CPW (see Figure  1), each magnetized 
superconducting stripe is accompanied by its mirrored image 
in respect to the surface of the waveguide.[35,45] Magnetostatic 
stray fields of these magnetizations modulate periodically the 
DC magnetic field in the Py film along the x-axis. We estimate 
that the actual average magnetic field in Py film along the x-
axis that is induced by superconducting stripes in area I is 
HI(H) ≈ +0.18H, and in area II is HII(H) ≈ −0.27H. Magneto-
static field produced by Nb stripes in Py film along the z-axis is 
compensated-out by the z-component of image fields. Dashed 
curves in Figure 2d show the Kittel FMR lines calculated using 
Equation  (1) with µ0Ha = 5 mT, the same Meff as for the pris-
tine sample, and with H substituted by H  + HI and H  + HII. 
Both curves diverge upon increasing the magnetic field and fit 
well to corresponding FMR lines at low magnetic fields µ0H ≲ 
10 mT, which indicates applicability of the employed estimation 
of magnetization = −

� �
M Hsc  for superconductors at the Meissner 

state. At µ0H > 10 mT the fit can be obtained by fixing the dia-
magnetic response of superconductors at H = Hc1. Solid curves 
in Figure 2d show the Kittel FMR lines calculated using Equa-
tion  (1) with the same magnetic parameters as for the dashed 
lines, and with H substituted by H + HI(Hc1) and H + HII(Hc1). 
Both curves fit well to corresponding FMR lines at high mag-
netic fields µ0H  > 10  mT, which indicates applicability of the 
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Figure 3.  Estimation of additional DC magnetic field that is induced by the 
Meissner-screened Nb stripes. Each superconducting stripe possesses 
the magnetic moment = −M H H

� �
( )sc  indicated with black arrows. Each 

magnetized superconducting stripe is accompanied by its mirrored image 
in respect to the surface of the waveguide that also possesses the same 
magnetic moment = −M H H

� �
( )sc  indicated with black dashed arrows. 

Magnetostatic stray fields of these moments (indicated with black lines) 
modulate periodically the DC magnetic field in Py film along the x-axis.
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employed estimation of reversible magnetization = −
� �

M Hsc c1 for 
superconductors at the penetrated state at H > Hc1.

2.3. Magnonic Band Structures of Hybrid Metamaterials

The specified estimation for magnetization of superconduc-
tors can be employed in micromagnetic simulations of the 
magnonic band structure. However, investigation of the band 
structure of the fabricated sample (Figure  1) is unpromising 
and computationally heavy mainly due to large period a of the 
structure. Therefore, a structure with different dimensions is 
considered for numerical simulations. We consider the hybrid 
MC that is represented by a 100 nm thick Py ferromagnetic film 
with lateral dimensions X × Y = 900 × 900 µm2 and an array of 
superconducting stripes of dimensions X × Y × Z = 0.5 × 900 ×  
0.3  µm3 placed with the period a  = 1  µm along the x-axis. In 
this geometry, the averaged magnetic field in Py film along the 
x-axis that is induced by superconducting stripes in area I is 
HI(H) ≈ +0.14H, and in area II is HII(H) ≈ −0.14H. Dependen-
cies of resonance frequency on magnetic field for this MC are 
given in Figure 4a.

Figure  4b shows the simulated band structure of the S/F 
hybrid MC in the BV geometry, i.e., in the geometry of the 
experiment (Figure  1), at µ0H  = 15  mT. Details of simula-
tions are given in Section 4. Calculating the spectrum in 
Figure  4, only the DC screening of applied magnetic field by 
superconducting stripes is considered. Also, screening by 
the underlying superconducting surface is not considered. 
The band structure in Figure  4b is typical for an MC in BV 
geometry. The forbidden bands are opened at Brillouin wave-
numbers ∝1/a that are indicated with dashed lines. The first 
two gaps are opened at frequencies f  = 3.87 and 3.6  GHz 
with the width of band gaps Δf  = 0.26 and 0.1  GHz, respec-
tively. Band gaps with larger numbers, i.e., at lower fre-
quencies, show smaller gap width Δf. In this geometry, the 
nonlinear response of superconducting stripes on magnetic 

field is expected to manifest itself in widening of the forbidden  
bands with increasing H at H  < Hc1 and narrowing of the 
bands with increasing H at H  > Hc1, in accordance with 
Figures 2d and 4a.

In the magnetostatic surface spin wave (MSSW) geom-
etry,[18,41] if superconducting stripes are aligned along the 
x-direction in Figures  1  and  3, the interaction of magnetiza-
tion dynamics with superconducting stripes is different. In this 
geometry, the DC magnetic field in Py film that is induced by 
superconducting stripes along the direction of external field is 
negligible due to small demagnetizing factor of stripes. This 
leads to the absence of any effect of Nb stripes on the FMR 
spectrum (see the Supporting Information).

However, in the MSSW geometry superconducting stripes 
can interplay with spatially nonuniform precession of magnetic 
moments, as in case of spin waves. The result of such inter-
action is given in Figure  5, where simulated band structures 
of two S/F hybrid MCs in MSSW geometry are shown. The 
S/F hybrid structures in Figure 5 are represented by the same  
100 nm thick Py ferromagnetic film and arrays of supercon-
ducting stripes of dimensions X × Y × Z = 900 × 0.3 × 0.4 µm3 
(Figure  5a) and X  × Y  × Z  = 900 × 0.9 × 0.4  µm3 (Figure  5b)  
located with the same period a = 1 µm along the y-axis. Right 
panels in Figure  5 show the dependence of the integrated 
amplitude of the spectrum along the wavenumber axis on fre-
quency for positive (+k) and negative (−k) directions of spin 
wave propagation. This amplitude correlates with the spin wave 
transmission characteristics.

Spectra of S/F hybrids in MSSW geometry in Figure  5 are 
more sophisticated than one in BV geometry and possess sev-
eral features. First, a clear nonreciprocity is observed, spectral 
lines with positive wavenumbers reveal the forbidden bands 
while spectral lines with negative wavenumbers are contin-
uous. Nonreciprocity of the band structure is a consequence of 
a general nonreciprocity of the MSSW mode:[36,41,55,56] the wave 
energy is localized at a particular surface of the film depending 
on the direction of wave propagation in respect to the applied 
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Figure 4.  Characteristics of magnetization dynamics for the hybrid MC in BV geometry. The MC consists of 100 nm thick Py film and an array of 
rectangular superconducting stripes with cross-section X × Z = 0.5 × 0.3 µm2 located with the period a = 1 µm along the x-axis. a) Dependencies of 
FMR frequency on magnetic field fr(H) in areas I and II of the MC calculated using Kittel formula. The blue arrow indicates the difference of approxi-
mately 0.5 GHz between FMR frequencies of area I and II, respectively, at µ0H = 15 mT. b) The color-coded band structure of the S/F hybrid MC at  
µ0H = 15 mT. The maximum of the Fourier transform is coded with red.
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magnetic field. Localization of superconducting structure on 
one side of ferromagnetic film results in effective interaction 
of magnetization dynamics with superconducting stripes for 
positively propagating spin waves exclusively. The nonrecip-
rocal spin wave transmission characteristics suggest application 
of such MCs as one-way waveguides and filters. In addition, 
the band gaps in Figure 5 are opened away from the Brillouin 
wavenumbers ∝1/a. Such band gaps are referred to as the indi-
rect band gaps and appear as a consequence of nonreciprocity 
of the dispersion law.[19,23,57,58] A quick visual comparison of 
two S/F hybrids with the same lattice period but different sizes 
of superconducting stripes implies that position of band gaps 
in (1/λ, f) coordinates and the width of band gaps depend on 
dimensions. Unlike in case of the BV geometry (Figure 4), band 
gaps with larger numbers that are located at higher frequencies 
show larger width Δf; the maximum Δf = 2.5 GHz is observed 
at f = 18.0 GHz in Figure 5a, and the maximum Δf = 0.7 GHz 
is observed at f = 20.4 GHz in Figure 5b. This effect is a result 
of a more efficient screening for shorter spin waves, which pro-
duces larger difference in dispersion properties between areas 
I and II. In the MSSW geometry, nonlinear dependence of 
magnetization of superconductor on magnetic field is expected 
to manifest itself in dependence of the band structure on the 
amplitude of excitation field.

3. Conclusion

Summarizing, in this work we have considered magnetization 
dynamics in ferromagnet/superconductor hybrid MCs, which 
consist of a ferromagnetic film coupled inductively to a super-
conducting periodic microstructure. Studying the FMR spec-
trum of the hybrid, we have defined the actual contribution 
of the superconducting periodic subsystem to magnetization 
dynamics, that is the diamagnetic response of the supercon-
ductor. In addition, we have observed the correlation of the 
FMR spectrum with the superconducting critical states, have 
identified the Meissner state and the vortex-penetrated state. 

Reversibility of the FMR spectrum suggests an action of the 
vortex shaking mechanism on superconducting vortices.

Dispersions of spin waves in hybrid MCs have been con-
sidered in in-plane geometries. In the BV geometry, a conven-
tional band structure is formed with band gaps that are opened 
at the Brillouin wavenumbers. The band structure is formed 
mainly due to screening of the external DC magnetic field by 
superconducting stripes and due to formation of corresponding 
spatial variation of the DC field. In the MSSW geometry, the 
dispersion is nonreciprocal and the band structure is formed by 
indirect band gaps. This band structure is formed mainly due 
to screening of the AC component of stray fields of precessing 
magnetic moments. In general, the proposed metamaterials 
offer a simple tunability of their dispersions by adjusting geo-
metrical parameters of the superconducting periodic structure, 
or the orientation of the spin wave propagation. The depend-
ence of screening capabilities of superconducting elements 
on the magnetic field points toward a nonlinear spin wave 
dynamics in S/F magnonic metamaterials.

As a final remark, we note limitations for application of 
superconductors for magnonic metamaterials. Operation of 
superconductors as diamagnets is possible at temperatures 
below the superconducting critical temperature and magnetic 
fields below the upper superconducting critical field. The oper-
ation frequency should remain below the superconducting 
gap frequency. Dimensions of superconductors should remain 
above the London penetration depth λL. Small typical scales of 
λL pave the way for the development of MCs with micro and 
sub-microscaled periodicity.

4. Experimental Section
The superconducting waveguide was fabricated on Si substrate out of 
magnetron sputtered 100 nm thick Nb film with superconducting critical 
temperature Tc ≃ 9  K using optical lithography and plasma-chemical 
etching in CF4 + O2 plasma. The base pressure in the growth chamber 
prior deposition was 5 × 10−9  mBar. Prior to deposition of Nb, the 
substrate was plasma-cleaned at PAr = 2 × 10−2 mBar, 60 W RF power, and 

Adv. Sci. 2019, 6, 1900435

Figure 5.  Color-coded band structures of hybrid MCs in MSSW geometry. MCs consist of 100 nm thick Py film and an array of rectangular super-
conducting stripes with cross-sections a) Y × Z = 0.3 × 0.3 µm2 and b) Y × Z = 0.9 × 0.3 µm2 located with the period a = 1 µm along the y-axis. The 
maximum of the Fourier transform is coded with red. Right panels show the dependence of the integrated Fourier transform along the wavenumber 
axis on frequency for positive (+k) and negative (−k) directions of spin wave propagation.
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500 V DC voltage. During deposition of Nb, the argon pressure, RF power, 
deposition rate, and DC voltage were 4 × 10−3 mBar, 200 W, 2.2 Å s−1,  
and 200  V, respectively. Py thin film was deposited using successive 
magnetron RF-sputtering of Py alloy target and the double resist lift-off 
technique. During deposition of Py, the argon pressure, RF power, 
deposition rate, and DC voltage were 4 × 10−3 mBar, 200 W, 1.5 Å s−1,  
and 450  V, respectively. Periodic Nb superconducting stripes were 
deposited using successive magnetron RF-sputtering and the double 
resist lift-off technique. AlOx insulating layer was deposited sputtering 
Al elemental target in Ar + O2 atmosphere with 115 sccm of Ar flow and 
35 sccm of O2 flow. During AlOx deposition, Ar + O2 pressure, RF power, 
deposition rate, and DC voltage were 4 × 10−3 mBar, 200 W, 0.6 Å s−1, 
and 510 V, respectively.

Numerical analysis was performed using micromagnetic 
simulations[59,60] following refs.  [24,61–63]: a magnetic field pulse of 
a sinc temporal and spatial profiles was applied locally to a simulated 
ferromagnet orthogonally to the DC magnetic field, and the evolution 
of local magnetic moments in a ferromagnet M r t

� �
( , ) was recorded. The 

maximum of the amplitude of the space-time Fourier transform of 
M r t
� �
( , ) provided the dispersion f k

�
( ). In order to avoid reflections, an 

exponential Gilbert damping profile was set near the boundaries of the 
film. The following micromagnetic parameters were used for calculations 
(Figures 4 and 5), that were typical for Py:[35,45] µ0H = 15 mT (Figure 4) 
and µ0H = 3.8 mT (Figure 5), µ0Ms = 1.14 T, µ0Ha = 3.1 mT, γ = 1.856 ×  
1011  Hz T−1, the exchange stiffness constant A  = 1.3 × 10−11  J m−1.  
Dimensions of the simulated Py film were L  × W  × d  = 900 × 900 × 
0.1  µm3. The excitation pulse was of a sinc temporal profile with the 
maximum frequency fmax  = 8  GHz (Figure  4) and fmax  = 30  GHz 
(Figure  5), of a sinc spatial profile with the the maximum wave-vector 
kmax = 2π/800 nm−1 and of an amplitude of 0.001Ms. It was sufficient to 
perform the micromagnetic simulation employing a 1D mesh in order to 
capture correctly the magnetostatic spin wave dispersion.

For the calculation of Figure  4, the effect of the superconducting 
structure was accounted by the calculation of distribution of the DC 
magnetostatic stray field induced by the diamagnetic magnetization 
of superconductors in Py film. Both x- and z-components of the 
magnetostatic field were considered. The magnetostatic problem of 
S/F hybrids in MSSW geometry (Figure  5) was different from one 
in BV geometry since the effect from DC screening of the external 
magnetic field is negligible. This problem was treated as magnetostatic 
interaction of a ferromagnet with an ideal diamagnet with oscillating 
magnetization = −M H

� �
sc  that is induced by alternating stray fields. 

Numerical implementation of the magnetostatic problem of S/F hybrids 
in micromagnetic simulations was executed by the incorporation of 
an intermediate step for the calculation of magnetization M

�
sc, which 

was a result of the diamagnetic response on both the DC external 
field and AC stray fields of a ferromagnet, and then by the calculation 
of the total dipole–dipole component of the effective field at each time 
step of integration of the Landau–Lifshitz–Gilbert equation. Note that 
this numerical approach is different from the method of images[35,36] 
employed earlier for study of magnetization dynamics in a ferromagnet 
placed on top of the infinite superconducting surface.
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