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ABSTRACT

This paper presents the prospects for periodic magnetic nanostructures in the form of magnonic crystals on polymer substrates. Indeed,
arrays of magnetic nanostructures on flexible substrates are promising for microwave applications in the GHz frequency range. In particular,
the mastery of the potentially coupled physical properties (magnetic and mechanical) allows one to consider devices for microelectronics in
general, combining the microwave properties of spin waves with the lightness and conformability of polymer substrates. However, there are
still scientific hurdles to be overcome, particularly with regard to the reliability of these systems, which is the focus of this review.
Subsequently, we propose a general state of the art, a summary of the precursor works, and a general strategy for the optimization of these
systems and their future possibilities.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0055976

I. INTRODUCTION

Devices fabricated on flexible substrates have been exten-
sively studied because of their outstanding potential for new
applications requiring non-planar functional systems.1,2 Indeed,
most objects of everyday life as well as objects with industrial or
military applications are not flat and rigid but curved and
deformable, such as sheets of paper and textiles. The fields of
application are numerous, ranging from everyday electronic gadgets
to the most advanced telecommunication systems. During the last
ten years, several electronic devices (flexible solar cells, light-emitting
diodes, transistors, etc.) have been realized on top of various poly-
meric substrates.3–16 Particularly, systems based on magnetic thin
films on polymer substrates have recently shown a very strong
interest in the fields of flexible or scalable magnetoelectronics17–22

(see Fig. 1). The integration of magnetic functions on flexible/
stretchable substrates can have many advantages for many users23

but also create new applications, such as flexible displays or mag-
netoelectric sensors.24 Moreover, it is known that polymer sub-
strates are light and inexpensive.

It is important to imagine modern flexible systems with great
potential for the future. Therefore, technologies already developed

on rigid substrates should be explored and applied to polymeric
substrates. Concerning data storage or sensors, the most developed
applications on flexible substrates are mainly systems using the
giant magnetoresistance (GMR) property.20 The spin Hall effect25

and the magneto-impedance property26 have also been used to
develop new flexible magnetic systems. However, all these technolo-
gies will reach the same miniaturization limits for data storage and
transfer as those encountered for “classical” substrates. The devel-
opments are still in their infancy, and the possibilities of lateral
nanostructuring, in particular, allow us to foresee further potential-
ities for these flexible magnetic systems.27 Indeed, the realization of
functional, flexible, and stretchable magnetic micro- and nano-
structures may lead to a new generation of magnetic materials for
sensing and recording as well as magneto-optical and magneto-
photonic devices.23 The current generation of those technologies,
utilizing more traditional substrate technologies, has been highly
successful. This suggests that the new generation with added func-
tionalities will also be a success.

Among the solutions that have not yet been tested on polymer
substrates, magnonic systems taking advantage of spin-wave prop-
erties for data transfer are potentially very interesting.28,29 Indeed,
the flexibility of polymers offers solutions for the incorporation of
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magnonic systems in confined and geometrically complex spaces.
For this purpose, conventional rigid substrates must be replaced by
compliant substrates such as polymers. Magnonic crystals are
arrays of magnetic nanostructures with periodic lateral variations of
their magnetic properties, which are magnetic analogs of photonic
and phononic crystals.30–33 Indeed, the propagation of spin waves
in periodically structured materials is of profound interest to the
physics research community and industry. Naturally, magnetic
nanostructures represent non-volatile memory elements; therefore,
their deposition on polymeric substrates would allow flexible/

stretchable programmable devices with ultrafast reprogramming on
sub-nanosecond time scales.34–36 Furthermore, for applications in
magnetic data storage media, magnetic nanostructures can be com-
bined with nanoelectronics (e.g., in read heads and magnetic
random access memories37) and optics (e.g., in magneto-optical
disks38). From a practical point of view, the most attractive feature
of magnonic crystals is that they can easily change the dispersion
spectrum of spin waves through an external magnetic field (Fig. 2).

Despite their potentialities, flexible magnonic systems have
not yet been fully realized in the nanomagnetism community.

FIG. 1. (i) Magnetosensitive e-skins conditioned with inorganic electronics on-foil. Examples of entirely flexible magnetosensitive e-skins as pliable devices.17 (ii) Image of
a magnetoresistance measurement setup of a TMR on Kapton® under bending. Reproduced with permission from Bedoya-Pinto et al., Appl. Phys. Lett. 104, 062412
(2014). Copyright 2014 AIP Publishing LLC.18 (iii) Active magnetosensory matrix circuit fabricated on a single parylene wafer.19 (iv) Photographs of printed GMR sensors
conformably applied on skin with curved body parts of a stretched (i) and bent (ii) wrist.20 (v) GMR performance of a printed sensor in the relaxed (0 stretching) and
stretched state (100% stretching).20 (vi) Concept demonstration of a low-voltage tunable RF/microwave device based on flexible laminates. Magnetization curve evolution
during an in situ ionic gel gating process along the in-plane direction of a bent film. Adapted with permission from Zhao et al., ACS Nano 12, 7167 (2018). Copyright 2018
American Chemical Society.21 (vii) (a) Schematic illustration of an FMR spectroscopy experimental setup for a sample under bending. Out-of-plane angular dependent
FMR spectra for a T-LFO (001) film with (b) unbent and (c) bending status. (d)–(h) Counterplot of the out-of-plane angular dependent-integrated FMR spectra for the
T-LFO (001) film with different bending states.22
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Contrary to the already conventional notions of “flexible photon-
ics,”39,40 “flexible plasmonics,”41,42 or more generally “flexible elec-
tronics,” the term “flexible magnonics” has not been introduced
into the literature yet. This is really surprising because the spin-
wave technology holds great potential as a new platform for infor-
mation processing and data storage devices,29 including flexible
ones. Responses of conventional magnonic devices (on rigid sub-
strates) can be easily controlled by an applied magnetic field. On
the other side, flexible magnonic crystals are intended to be used in
devices that will be exposed to repeated large strains during use.
Therefore, their responses will be affected by elastic strains (magne-
toelastic effect) in addition to irreversible effects such as damaging
(cracks). However, the investigation of spin-wave propagation in
patterned thin films on polymer substrates has not been carried out
so far.

These flexible magnonic crystals could open a new era in light
and flexible electronics with many advantages. First, spin waves can
be easily generated and manipulated in magnetic systems.31 They can
be thermally activated at room temperature and can be manipulated
by a magnetic field. Second, like light in optical fibers, spin waves can

be directed in magnetic guides made of ferromagnetic materials,
which are attenuated depending on the magnetic damping and other
magnetic parameters (anisotropy, exchange, . . .). The propagation
distance is generally of a few microns for nanometric thin film alloys
(permalloy, CoFeB, YIG, . . .).29 Finally, and this is their main advan-
tage, spin waves can have a very short wavelength and a high “coher-
ence length” (several hundred microns), which means that the
properties of the waves are preserved over distances much larger than
the size of nanoscale devices.43–46 The spatial and temporal scales
associated with spin waves (nanometer and picosecond) are precisely
those that suggest the possibility of designing extremely small elec-
tronic devices dedicated to signal processing that would combine the
advantages of magnetic devices (non-volatility) and waves. To be
applied in flexible microelectronics, these systems must be integrated
in the presence of microwave circuits. The latter must be specific with
a very good mechanical resistance. This can be achieved with few
materials whose ductility is sufficient to be subjected to repeated
deformations. Common materials are, for example, gold and copper
for metals. Indeed, these materials can withstand large cyclic defor-
mations (over 10%).47

FIG. 2. (i) Image of a 1D bicomponent (Co and Ni80Fe20) magnonic crystal (periodicity of a ¼ 500 nm). (ii) Magnonic band structures of this crystal measured by Brillouin
light scattering highlighting two magnonic bandgaps in an extended representation (πa,

2π
a , . . . to the first, second, . . . Brillouin zone). (iii) Experimental and simulated band

structures (a) in the absence and (b) the presence (H ¼ 2 kOe) of an applied magnetic field showing the strong dependence of the band position and width with an
applied magnetic field. Reproduced with permission from Wang et al., Appl. Phys. Lett. 94, 083112 (2009). Copyright 2009 AIP Publishing LLC.
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In this Perspective, we will first introduce a short state of the
art of the last few years on magnonic crystals as well as pioneering
work on flexible magnetic systems. Then, we will address the
first works dealing with the effects of strains on magnetic modes
(especially localized) in nanostructured systems on flexible sub-
strates. We will also mention the pioneering work on the modeling
of the static and dynamic magnetization in nanostructures
deformed by a substrate. Finally, we will discuss the strategies to be
adopted in order to develop the field of flexible magnonics and the
different fundamental and applicative perspectives that can be
envisaged.

II. STATE OF THE ART

A. Magnonic crystals

Recently, there has been growing interest in the fundamental
understanding of spin-wave propagation in magnonic crystals
because of their huge potential in a wide range of applications such
as microwave resonators,29 filters,48 and spin-wave logic devices.49

From a practical viewpoint, the most attractive features of mag-
nonic crystals are that the dispersion spectrum of magnons can be
easily modified by an external magnetic field.

The use of periodic magnetic nanostructures as a functional
medium in magnonic devices offers advantage over conventional
charge based devices since both the amplitude and direction
(phase) of magnetization can be used for information encoding
when compared to a scalar charge.35 The encoding of information
into the magnetization amplitude immediately leads to a spin-wave
switch—a device that can transmit or stop the propagation of spin
waves. If information is encoded in phase, different frequencies can
be used as separate information channels allowing for parallel data
processing in the same structure.50 The ability to transmit and
process information in a multichannel manner provides a funda-
mental advantage over existing switch based logic devices.
Importantly, the shape anisotropy in nano-confined geometries
may play the role of the biasing external field, and devices may
operate at gigahertz frequencies with just a small external biasing
or without it at all. Spectra of spin-wave excitations in magnonic
crystals are significantly different from those of uniform media.
Due to the lateral periodic magnetic contrasts, they exhibit features
such as tunable magnonic bandgaps, where spin-wave propagation
is entirely prohibited. The existence of spin-wave bandgaps has
been predicted for one-dimensional,31 two-dimensional,30 and
three-dimensional systems.52 Frequency bandgaps have been
observed experimentally in wire-like structures consisting of
shallow grooves etched into yttrium-iron-garnet films, a one-
dimensional array of homogenous Ni80Fe20 nanowires separated by
an air gap,53,54 and synthetic nanostructures composed of periodic
arrays of alternating Ni80Fe20 nanowires in direct contact with Co
nanowires, also known as “bi-component magnonic crystals.”55 It
has been clearly shown that the frequency bandgaps can be tuned
by the application of a magnetic field and also by changing the
lateral dimensions of the nanowires.33 Moreover, this bandgap
structure could be tuned also by a strain-induced magnetic field
(due to the magnetoelastic energy). This bandgap tunability is an
important property, which could find applications in the control of
the generation and propagation of information-carrying spin waves

in devices based on these crystals.56–58 By adjusting the size of the
bandgap (where spin wave propagation is completely forbidden),
only modes capable of crossing the gap could propagate through
the medium, with selective propagation of certain spin-wave fre-
quencies. Moreover, the recent development of artificial spin-ice
opens up unexplored fields for the exploitation of spin wave prop-
erties.59,60 Therefore, the development of systems using magnons is
a promising approach to information processing in the coming
decades.51 Magnonic crystals on polymer substrates thus allow one
to consider various applications such as a strain controllable multi-
channel telecommunication system. To achieve these objectives,
however, there are specificities of flexible systems to be understood,
in particular, their mechanical properties and the coupling between
strain fields and magnetic properties.

B. Flexible systems

Integration of magnetic features into the flexible objects may
provide numerous users with a number of benefits and also give
rise to new applications such as flexible displays or magnetoelectric
sensors.61–65 The time is now ripe for designing flexible systems
with high potential for the future. Hence, it is advantageous to use
them as substrates for magnetic nanostructures; this requires adap-
tion of the existing expertise, technologies, and techniques to the
polymer substrates. Until now, much work on polymer substrates
has been carried out on continuous thin film systems but very little
in the form of periodic nanostructures. At the level of fundamental
studies, the work of the 2000s consisted of studying the relations
between macroscopic strain and magnetic properties of ferromag-
netic films. The main experimental developments have focused on
the development of in situ experiments such as magneto-optical
Kerr effect magnetometry (MOKE) or FMR combined with
bending or tensile tests. In addition to simple magnetic films, the
systems studied were mostly magneto-resistive [Giant
Magnetoresistance (GMR) or Tunnel Magnetoresistance (TMR)]
systems.66–68

Since 2010, the study of these properties under very high
strains, simple or cyclic, has shown that it is possible to develop
deformable and reliable magnetoresistive sensors that can adapt to
the most complex geometries (surfaces with strong curvatures)69,70

despite the fact that many damages can occur in the nanometric
layers.71,72 Indeed, even if multiple cracks or local decohesions only
slightly alter the magnetoresistance properties, these effects are not
negligible and could have stronger repercussions on the magnetic
properties of systems based on spin waves, for example. Indeed,
Merabtine et al. have recently shown that thin film damage induces
important mechanical stresses and significantly modify the anisot-
ropy field and the magnetic damping.72 This is all the more the
case as the magnetoelastic coefficients of thin films are high.

It is important to find solutions to avoid or at least delay these
damages in magnetic systems. There are existing methods such as
depositing thin films on an elastomer substrate under tension and
then relaxing the system.71,73,74 This has the effect of creating wrin-
kles that then delay damage when stretched again. Otherwise, it so
happens that nanostructuring seems to be a relevant way to get
around this problem as we will see in Sec. III. Indeed, for reasons
of strain distributions between flexible substrates and
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nanostructures, it is quite possible to delay the appearance of
cracks.75 Merabtine et al. showed that lateral nanostructuring could
be a way to delay damage (cracks); see Fig. 3. Indeed, for a given
material thickness, he showed that the initiation of multicracking of
nanowires was much later than that of a continuous film (ε ¼7%
instead of 2%). This is shown in Figs. 3(i) and 3(ii) for Ni80Fe20
systems. For this same system, Merabtine et al. also showed that the
magnetic anisotropy was insensitive to the multiplication of cracks,
at least up to 20% of strain [Fig. 3(iii) (a) and (b)]. This is because
the average fragment length at saturation of the multicracking
(about 3 μm) is sufficient to retain the initial shape anisotropy. It is
also interesting to see that the FMR linewidths are also very insen-
sitive to these damages, as shown in Fig. 3(iii) (c) and (d), linked,
in particular, to the weak magnetostriction of Ni80Fe20.

This is a very interesting point because this mechanical behav-
ior is totally concomitant with the objective of doing 1D or 2D
nanostructuring to develop reliable flexible magnonic crystals. In
order to address future objectives, the next paragraph will show
some initial work in this direction.

III. PRELIMINARY RESULTS

A. Nanofabrication on flexible substrates

There are very few articles in the literature describing the
development of magnetic nanostructures on flexible substrates.27,75

However, this is essential for the development of flexible magnetic

systems. A few recent works have been carried out using interfer-
ence lithography (IL) and stencil lithography (SL) techniques.

IL is a mask-less nanofabrication technique, which has been
used widely to synthesize large area magnetic nanostructures (see
Fig. 4). The basic principle of IL involves the use of interference pat-
terns generated from two obliquely incident beam paths (i.e., direct
and reflected beams) to expose a photoresist layer.76,77 The patterned
area and resolution are related to the beam source diameter and wave-
length, respectively. The IL method allows multiple exposure steps to
form a specific pattern on a resist. For example, in order to fabricate
dot arrays, a second exposure after rotating the substrate through 90�

is needed. The pitch resolution is linearly proportional to half the
wavelength of the light and inversely proportional to the sine of the
relative angle between the two beam paths. This technique has been
used to fabricate a periodic array of magnetic nanostructures on poly-
ethylene terephthalate78 and Kapton.79

A schematic showing the principle of interference lithography
is presented in Fig. 4(a). To generate interference fringes on the
surface of the photosensitive resin, the substrate is placed on an
arm of Lloyd’s mirror interferometer. The second arm of the inter-
ferometer contains a square aluminum mirror. The two arms of the
interferometer are exposed to a continuous 325 nm beam generated
by a Helium–Cadmium (He–Cd) laser (Λ ¼ 325 nm). The laser
beam is focused through a lens into a 10 μm diameter hole, which
helps eliminate noise and provides a Gaussian profile to the beam.
After passing through this spatial filter, the beam propagates
toward the sample. The light from the source beam interferes with

FIG. 3. (i) Typical AFM images highlighting the multicracking of a 20 nm thick Ni80Fe20 array of nanowires on a Kapton substrate at different strain states (8%, 12%, and
20%). (ii) Residual fragment length as a function of the applied strains of Ni80Fe20 film and arrays of nanowires (NWs). (iii) (a) and (b) Frequency dependencies as a func-
tion of applied magnetic field along and perpendicular to the nanowires for a Ni80Fe20 array of nanowires. The dependencies are presented for two stresses states: at 0%
(a) and at 20% (b). (c) Typical FMR spectra of the NWs for a magnetic field applied along and perpendicular to the NWs at 0% of strain and after 20% of strain. (d) Peak
to peak FMR linewidth ΔHpp variations as a function of the frequency obtained from the spectra recorded with a magnetic field applied along the NWs. The dashed line is
a linear fit and serves as a guide for the eyes. Adapted with permission from Merabtine et al., Nano Lett. 18, 3199 (2018). Copyright 2018 American Chemical Society.75
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the light reflected from the mirror to form a standing wave pattern
with alternating maxima and minima of intensities. The periodicity
of this alternation is equal to80–82

p ¼ Λ

2 sin θ
:

It is proportional to the half-wavelength of the laser (Λ=2) and is
inversely proportional to the sine of the relative angle θ of the two
beams.80 Figure 4(b) displays a typical scanning electron micros-
copy (SEM) image of the top surface of an array of Ni80Fe20 on a
Kapton substrate fabricated using the IL process. The obtained
periodicity is around 600 nm (nanowire width: 400 nm with an
interspacing of 200 nm). Figure 4(c) shows antidot array Ni60Fe40
antidots on a Kapton substrate, and the periodicity is around
600 nm with a hole diameter of about 250 nm.

Nano-stencil lithography (SL) is a high-resolution shadow-
mask nanofabrication technique used for patterning surfaces at the
micro- and nanometer scales.83–86 It is a one-step technique that
eliminates resist-related processing steps, which is common in a
standard lithographic process. Actually, it is exactly the same prin-
ciple used in prehistoric frescoes on which handprint paintings

have been found. Indeed, a stencil (membrane with apertures) is
placed (aligned if necessary) and clamped to a substrate. The
clamped set is placed in a deposition chamber where materials are
evaporated through the stencil’s apertures onto the substrate as
illustrated in Figs. 5(a) and 5(b). SL is a very promising approach
for synthesizing high quality magnetic nanostructures without
using solvent and etching, thus reducing contamination sources. It
is particularly useful for fabricating complex and multilayer nano-
structures at an elevated temperature because no resist is involved.

Figure 5(c) presents an AFM image of an array of Co circular
dots obtained thanks to the nano-stencil process. It corresponds to
a square array with a periodicity of 2 μm; the diameter of the dots
is around 1 μm. Figure 5(f) corresponds to a profile obtained from
this image [white line in Fig. 5(d)] highlighting the periodicity and
the thickness (100 nm) of this specific array. To conclude, Fig. 5(e)
presents a 3D AFM image of four Co dots.

B. Magnetomechanical phenomena

Studies on the magnetomechanical properties of nanostruc-
tured arrays on flexible substrates are very rare. First, in situ magne-
tomechanical tests on Ni60Fe40 nanostructured arrays were
proposed by Challab et al.79 These nanowires deposited by IL on

FIG. 4. (a) Schematic of the laser interference lithography setup showing the UV laser and Lloyd’s mirror interferometer. (b) Scanning Electron Microscopy (SEM) image
of an array of Ni60Fe40 nanowires (rectangular cross section) on the Kapton substrate fabricated using the IL process. The periodicity is around 600 nm with a nanowire
width of about 400 nm. (c) SEM image of an array of Ni60Fe40 antidots on the Kapton substrate. The periodicity is around 600 nm with a hole diameter of about 250 nm.
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Kapton were then cemented on a ferroelectric support, allowing to
deform the magnetic system in its elastic domain (strains ,0:1%);
see Figs. 6(a) and 6(b).

The microwave properties could be measured in situ by micro-
strip ferromagnetic resonance (MS-FMR) and Digital Image
Correlation (DIC) techniques. MS-FMR was employed to probe the
influence of the applied voltage on the magnetic properties via the
resonance field of the uniform precession mode. The digital image
correlation technique (DIC) was used to quantitatively measure the
in-plane strains (εxx and εyy) of the ferroelectric actuator.

87 MS-FMR
experiments allowed the resonance field probing by sweeping the
applied magnetic field in the presence of a fixed pumping radio fre-
quency (RF) field. In this kind of an RF-resonance technique, a weak
modulation of the applied field (�2–5Oe at 1480Hz) is performed
in order to optimize the signal to noise ratio for a better lock-in detec-
tion of the signal. Thus, this technique gives access to the first field
derivative of the RF absorption as a function of the applied field.88

DIC is a technique that allows displacement and strain field measure-
ments on an object surface by capturing images of the object surface
at different states. One state is recorded before applying voltage, i.e.,
the reference image, and the other states are subsequent images of the
deformed object. DIC generally uses random patterns of gray levels of
the sample surface to measure the displacement via a correlation of a
pair of digital images. Hence, from the measured strain fields, we can
estimate the mean in-plane strains εxx and εyy , which cannot be
straightforwardly attained with other techniques such as x-ray
diffraction.

Figure 6(c) shows the resonance lines and, in particular, their
shift when a strain state is applied (voltage applied to the ferroelec-
tric substrate). On the one hand, the shift is different between a
continuous thin film and nanowires of the same composition. On
the other hand, depending on whether the positive strain is applied
along the lines or perpendicular to the lines, the shift of the FMR
lines is different. This is much more visible in Fig. 6(d), which
shows this shift as a function of the voltage applied to the ferroelec-
tric substrate. It can be seen that compared to the continuous
Ni60Fe40 thin film, the lines strained positively parallelly follow a
line shift of about 60% lower and about 50% lower for the nano-
wires strained positively perpendicularly.

In order to analyze these results, finite element calculations
were performed to estimate the strain distribution in the system.
Figures 6(a) and 6(b) show the strain map for the perpendicular and
parallel configurations, respectively. It is clear that when a strain is
along the length of the nanowires [εyy in Fig. 6(a), εxx in Fig. 6(b)],
the strain is well transmitted from the substrate to the nanowires,
while it is much less so for strain components perpendicular to these
nanowires. This is due to the strong stiffness contrast between the
magnetic nanowires and the polymer substrate in which the strains
can be strongly concentrated in the case of interfaces not tangent to
the applied forces. These analyses allowed us to propose a simple
model of the magnetomechanical behavior of the system, including
magnetoelastic effects and the true strain distribution. This allowed
one to account very well for the experimental results, as can be seen
in Fig. 6(d) (model is represented by the continuous lines).

FIG. 5. Schematics of the stencil lithography process (a) and (b). For the sake of clarity, the pattern dimensions are exaggerated. The stencil mask consists of a rigid part
supporting an Si3N4 membrane on which the desired pattern is etched. The e-beam deposition is performed though the stencil mask, which is then removed. Finally, an
array of dots is obtained (b). (c) Kapton substrate with an array of Co nanodots, deposited by stencil lithography, at the center (5� 5 mm2 highlighted by a green color
due to daylight diffraction), curved by the fingers of a human hand. (d) AFM image of a square array of Co circular dots fabricated using the nano-stencil process. The peri-
odicity is around 2 μm with a dot diameter of about 1 μm. (e) 3D AFM image of four Co dots. (f ) Profile corresponding to the white line in image (c) highlighting a thick-
ness of 100 nm for this array of dots.
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If these observations are now extrapolated to more extreme
cases, it is imaginable to build nanoarchitectures of magnetic mate-
rials for which the strain control of magnetic properties is total and
others on the contrary for which the nanostructures deform very
little despite a large amount of strain in the substrate. This allows
us to envisage several possible applications for the strain control of
properties or the insensitivity of the properties to the substrate
strains.

IV. FUTURE STRATEGY AND PERSPECTIVES

A. Magnetomechanical properties

We know that the geometry of nanostructures is a key factor
shown in Fig. 6 from Challab et al.79 This figure, based on numeri-
cal calculations, shows several interesting points: for a substrate
subjected to strain, the strain transmission from the substrate to the
adherent nanostructures on the surface depends very much on the
aspect ratio (thickness/width, with a typical width of a few hundred
nm) of these nanostructures. Thin thicknesses (a few nm) favor a
good strain transmission (because the local stiffening is quite low),
while thicker thicknesses (hundreds of nanometers) stiffen locally
enough to make the strains tend toward zero in the nanostructures.
This phenomenon depends strongly on the rigidity of the substrate.
What is said above is true for Kapton, which is quite rigid for a
polymer (Young’s modulus = 4 GPa). Thus, this substrate allows,
for small thicknesses of nanostructures, a significant strain trans-
mission. This can be interesting for sensor applications because it
is possible to control the magnonic bands by magnetoelastic cou-
pling via the strains in the nanostructures. However, for greater

thicknesses, applications requiring stability of microwave properties
at large external strains can be envisaged.

Thus, both types of applications can be considered: tailoring
the properties with strain at a low aspect ratio for magnetization
strain control applications (flexible devices), keeping constant the
properties with strain for highly stretchable devices. Considering
the control of properties by bending, many works have been made
for continuous thin films for sensing applications.89,90 In the
future, this same concept could be applied to magnonic systems in
order to modulate their band properties by applying small con-
trolled strains [which is the case of bending (a few %)]. This will be
discussed in Sec. IV C.

The concept of insensitivity to strains has been proposed
more recently by Shen et al., not in the context of magnonic crys-
tals, but using dispersed LaFeO3 nanowires on a flexible MICA
substrate.22 Obviously, the non-periodic character does not allow
for band structures, but they showed that for a fairly long aspect
ratio, the microwave properties of the system did not depend on
the curvature of the system due to the strain localization effects that
Challab et al. quantified.79 Muscas et al. also showed a weak mag-
netomechanical effect in cobalt nanowires deposited periodically
on flexible PEN substrates; see Fig. 7(a).91 A very little variation in
static magnetic properties as a function of substrate curvature is
shown in this article. Muscas et al. analyzed this as weakening of
the magnetostriction coefficient of cobalt in a nanowire form, but
it is more likely that this effect is due to low strain concentrations
in the nanowires. This is because the bending imposed on the sub-
strate is applied perpendicular to the nanowires, as shown in Fig. 7(b),
which tends to concentrate the strains in the flexible substrate,

FIG. 6. (a) Schematic of an Ni60Fe40 nanowire array on a polymer substrate glued on the top of a ferroelectric actuator (green). ~H corresponds to the applied magnetic
field, while~hrf corresponds to the radiofrequency field. (b) Sketch of the system simulated by a finite element method (FEM). (c) Typical FMR spectra obtained in presence
at 0 and 100 V for three different systems. (d) Resonance field shift δHres variation as a function of the applied voltage for the three different systems [see (b)]. Symbols
represent experimental data, while full lines are obtained by numerical calculations. The experiments are simulated by introducing the calculated strains (FEM) in the
Landau–Lifshitz–Gilbert equation. (e) and (f ) In-plane strain maps of the calculated in-plane strains when εxx is either perpendicular (a) or parallel (b) to the nanowires.
Adapted with permission from Challab et al., Phys. Status Solidi Rapid Res. Lett. 13, 1800509 (2019). Copyright 2019 John Wiley & Sons.
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as shown by Challab et al.79 This work confirms that development
of nanostructure arrays on flexible substrates can be a very relevant
way for creating magnetic systems insensitive to external strains.

B. Modeling

Modeling the properties of magnonic crystals involves the use
of software making it possible to numerically solve the Landau–
Lifshitz–Gilbert (LLG) equation. Indeed, when studying such
crystal properties, it is only possible to obtain an analytical expres-
sion for spin-wave dispersions at the cost of approximations, which
are sometimes too unrealistic. Indeed, in the case of magnetic
objects whose dimensionality is reduced, new free surfaces appear
and give rise to heterogeneous demagnetizing fields, which in fine
are too complex to be analytically calculated. By cleverly using the
most commonly micromagnetic softwares (OOMMF,92 Mumax3,93

Nmag,94 Finmag,95 . . .), it is possible to determine the spin-wave
dispersions in such magnonic crystals.96–99 However, none of these
codes is coupled to the equations of solid mechanics, and none of
them allows one to determine heterogeneous strain fields and to
take them into account when solving the LLG equation. For mag-
nonic crystals on flexible substrates, it is important to include local
strains in the problem because heterogeneities can be strong and
influence the micromagnetic behavior. The magnetoelastic coupling
(magnetization, strain, and their coupling) must, therefore, be fully
described at the local scale. A few groups have implemented
numerical codes that couple the LLG equation describing the mag-
netization dynamics as well as the solid mechanics ones in strain-
mediated artificial multiferroics.100–102 These codes could be very
well adapted to the problem of systems with flexible substrates.

FIG. 7. (a) Images showing nanowires (0:2� 2 μm2) on a polymer [polyethylene naphthalate (PEN)] substrate. (b) Sketch showing the stress axis that is perpendicular to
the nanowire length (and to the applied magnetic field). Adapted with permission from Muscas et al., Nanoscale 13, 6043 (2021). Copyright 2021 The Royal Society of
Chemistry.

FIG. 8. (a) 2D maps of εxx in a cross section made at the center of each nano-
wire for a substrate displacement equal to 3 nm on both extremities of the sub-
strate. (b) Evolution of the mean values of the normalized magnetization
components (mx and my ) as a function of the mean x-component strain εxx
inside the substrate for two different values (5 and 10 nm) of the nanowire thick-
ness. Reproduced with permission from Challab et al., J. Phys. D: Appl. Phys.
52, 355004 (2019). Copyright 2019 IOP Publishing LLC.
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In this context, a numerical simulation tool that accounts for
the heterogeneous strain fields of magnetic deformable objects has
been developed by Challab et al.,103 validated and tested for nano-
structures on a compliant substrate. The LLG equation was solved
by finite element methods in a fully coupled way with solid
mechanical governing equations and the resolution was achieved
within the software COMSOL Multiphysics®.104 The simulation
tool has been deployed in order to examine the effect of the nano-
wire thickness on the magnetoelastic behavior of a hybrid material
system (magnetic nanowire on a polymer substrate). It was found
that the strain transmitted from the substrate to the nanostructure
changes with the thickness, regarding its distribution and mean
value, and thus induces different magnetoelastic fields. In addition,
it was found that the thickness influences the shape anisotropy and
renders more complex the outcome of the competition with mag-
netoelastic anisotropy. 2D maps of the strain εxx in a cross section
made at the center of each nanowire (for a displacement equal to
3 nm) are reported in Fig. 8(a). It is clearly shown from this figure
that the transmitted strain to the nanowire is heterogeneous for
both values of the thickness. For the two different values of the
nanowire thickness, the strain transmitted from the substrate to the
nanostructure is sufficiently high to make rotate the equilibrium
magnetization; i.e., the magnetoelastic energy compensates the
shape anisotropy one, and this value depends strongly on the
applied strain [Fig. 8(b)].

The next step to describe a magnonic crystal is now to
describe a complete network of nanostructures undergoing these
heterogeneities and to calculate the corresponding dispersion rela-
tion. There are still unknown effects because the free edges play a
dominant role in the inhomogeneity of the magnetoelastic field.
This model would allow us to anticipate the arrays to be developed
experimentally to approach the desired magnonic properties.

C. Magnonic band structure under strains

Concerning precisely the magnonic crystals on a flexible sub-
strate, no work has so far shown the evolution of a magnonic band
structure with external strains. However, we can consider two
extreme cases as shown in Fig. 9. Figure 9(a) reminds the work of
Challab et al.,79 which shows that the strain transmission (αxx and
αyy) depends strongly on the aspect ratio of the nanostructures for
a given stiffness contrast between the nanostructures and the sub-
strate. Thus, it is quite straightforward to design the concept of a
band structure that can be strain-controlled via magnetoelastic cou-
pling for low aspect ratios or strain-insensitive at higher aspect
ratios. We show in Fig. 9 a concept demonstration (i.e., strain
control for a low aspect ratio and strain-insensitivity for a high
aspect ratio) on a fictitious 2D-square magnonic crystal, which is
represented here through the projection of its magnonic bands
along the high symmetry points of the first Brillouin zone.105–107

FIG. 9. (a) In-plane strain transmission rate of a metallic nanodot/polymer substrate system as a function of the nanodot aspect ratio. (b) and (c) Concept demonstration
showing the magnonic bands of a square 2D crystal (Γ, X , and M correspond to the high symmetry points of the first Brillouin zone) in the absence and presence of
applied strains (ε). Strain control (b) is attained for low aspect ratio systems, and strain insensitivity (c) is obtained at a higher aspect ratio (depending on the stiffness con-
trast between the nanostructures and the substrate). The blue and red bands illustrate the evolution (or not) of the mean position and width of a magnonic bandgap.
Obviously, differences in the magnonic band energies and oscillations must appear depending on whether the aspect ratio of the magnonic crystal is small or large, but
this is a very schematic representation that highlights the concept of strain control or strain insensitivity of the magnonic properties.
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Figure 9(b) shows schematically the control of the magnonic
bands by applying a controlled strain. Like the controllability by an
external magnetic field, a magnetoelastic field will allow to vary
both the average position of the bands and their width. For small
strains (such as by bending, a few %), it is possible to vary position
and width in the GHz range in the absence of a magnetic field.
This has not yet been reported in the literature.

Figure 9(c) concerns the other extreme case for which the
strain transmission is too small (and, therefore, the magnetoelastic
field) to vary the magnonic bands. This is the case of high aspect
ratio nanostructures. This concept can be applied to systems sub-
jected to strong strains (stretchable, a few 10%) for which one
wishes a good stability/durability of the magnonic properties. It
should be noted that the durability of continuous thin film mag-
netic systems is extremely difficult to achieve (often early appear-
ance of cracks) and that this solution is more general than
magnonics alone.

The perspectives to these extreme behaviors are numerous, and
possibilities can be explored between them. Indeed, depending on the
geometry of the nanostructures, strain heterogeneity can be significant
in individual nanostructures because of free surfaces (see Fig. 8). In
this case, different magnetic modes do not feel the same magnetoelas-
tic field, which will lead to a differentiated tunability of the magnonic
bands depending on the spatial localization of spin-wave modes in
each nanostructure. This property has been proposed very recently by
Challab et al. who show that the application of a weak strain to an
Ni60Fe40 antidot system leads to a differentiated variation of spin
wave energy of several tens of %.108 This position-dependent tunabil-
ity is a possibility that is difficult to offer with an external magnetic
field applied to an array of same nanostructures. As an extension, one
can imagine assemblies of nanostructures with different lateral geom-
etries (isotropic or anisotropic), or even of different thicknesses,
which offer a multitude of very different strain fields from one type of
nanostructure to another. Thus, magnonic systems on polymer sub-
strates can exhibit high modulability due to the strong dependence of
the strain field with the aspect ratio. For example, bicomponent mag-
nonic crystals can be constituted by nanostructures that alternatively
deform or not. This approach can be very complementary to 3D
magnonics as proposed in Gubiotti et al.109 Indeed, meander struc-
tures allow them to play on the dipolar coupling and thus the disper-
sion relation of the spin waves. It is possible to create meandering
structures on a polymer substrate. These could be continuous as in
Giubotti et al. or slightly discontinuous in order to create free surfaces
to induce additional strain heterogeneities. This further increases the
number of possible studies. The exploitation of these concepts may
allow one to extend the existing applications of magnonic systems by
taking advantage of compliant substrates. These developments are to
be compared with the complementary ones in curvilinear mag-
nonics,110 which propose new magnetic objects with highly complex
geometries (curved wires111,112 or 3D nanovolcanoes113) in order to
reveal induced phenomena such as the confinement of magnetic
modes for applications in multimode microwave resonators.110

V. CONCLUSION

To conclude, this paper shows that flexible magnetic systems
can benefit from periodic nanostructuring and its associated

properties. From a magnetic property point of view, this periodic
nature allows one to consider the development of flexible magnonic
crystals for applications in high frequency devices. Another impor-
tant point is the influence of the geometrical parameters of the
nanostructured arrays on the mechanical properties of these
systems. This Perspective shows that geometrical tuning can signifi-
cantly modify the strain transfer from the substrate to the nano-
structures. It is thus possible to produce systems whose properties
can be varied by the strains to different degrees. It is even possible
to create flexible magnonic crystals insensitive to strains with
increased durability. This large set of possibilities is thus very
promising for the applicability of high frequency systems conform-
able to non-planar surfaces.
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