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Abstract

We report a theoretical study of the spin-wave band spectrum of magnonic crystals formed by
stacking thin-film magnetic layers, with general assumptions about the properties of the interfaces
between the layers. The use of the Barnas-Mills magnetization boundary conditions has enabled us to
systematically trace the origin of the magnonic band gaps in the spin-wave spectrum of such systems.
We find that the band gaps are a ubiquitous attribute of a weakened interlayer coupling and a finite
interface anisotropy (pinning). The band gaps in such systems represent a legacy of the discrete spin-
wave spectrum of the individual magnetic layers periodically stacked to form the magnonic crystal rather
than result from Bragg scattering. At the same time, magnonic crystals with band gaps due to the Bragg
scattering can be described by natural boundary conditions (i.e. those maintaining continuity of the
magnetization direction across the whole sample). We generalize our conclusions to systems beyond
thin-film magnonic crystals and propose magnonic crystals based on the ideas of graded-index
magnonics and those formed by Fano resonances as a possible way to circumvent the discovered issues.
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l. Introduction

Magnonic crystals, i.e. magnetic media or structures for spin-wave propagation with a periodic
modulation of structural, compositional or micromagnetic characteristics, have been the flagship object
of magnonics research for several decades. 12 The dispersion of spin waves with wavelength shorter
than the lattice constant (period) of a magnonic crystal contains magnonic band gaps (frequency bands
in which the propagation of spin waves is impossible). For spin waves of longer wavelength, the same
magnonic crystal will represent an effectively continuous medium with properties defined not only by
those of the constituent magnetic materials but also details of the geometrical and micromagnetic
structure. Magnonic crystals therefore represent a class of metamaterials, often referred to as “magnonic
metamaterials”,”>"8 which also includes systems that are not periodic, such as magnonic quasi-crystals’-
8 and (when considered from the point of view of their dynamic properties) magnetic composites.¢-%3

The nature of the interlayer magnetization boundary conditions has crucial consequences for the
scattering of spin waves from interfaces between regions with different magnetic properties.®*% It is
therefore of essential importance for magnonics and magnonic technology, in which spin waves are
studied and exploited.? In multilayer magnonic crystals (i.e. those formed by stacking of continuous
magnetic films), the scattering of spin waves from periodically located interfaces causes Bragg
diffraction and formation of magnonic band gaps in their spectrum. This has led to proposals that one
could characterize the nature and quality of magnetic interfaces experimentally via measurements of the
spin-wave dispersion in magnonic crystals.!®’1% Hence, a systematic approach by which to attribute
specific features in and / or the qualitative character of measured spin-wave spectra and dispersions to
the nature and parameters of the magnetization boundary conditions at interfaces would be highly
desirable.

Let us consider a one-dimensional (1D) multilayered magnonic crystal with a unit cell containing
two magnetic layers made of “material A” and “material B” (Fig. 1). Earlier, we developed a method
enabling a systematic study of the effect of a simultaneous periodic modulation of several magnetic
parameters on the character of spin-wave propagation in such systems.!**1% This method exploits the
fact that, in the stationary case, the wave scattering from an interface is always defined by the wave
numbers of the incident and scattered waves, which “hide” the wave frequency and properties of the
media separated by the interface. Hence, the problem of finding the dispersion law of spin waves in a
magnonic crystal (i.e. the frequency dependence of the Bloch wave number) can be factorized into two
stages, as illustrated by Fig. 2. First, one finds the dependence of the Bloch wave number y on the wave
numbers of spin waves in the constituent layers kag). This dependence is fully determined by the layer
thicknesses dac) and the boundary conditions at interfaces and can be represented as

cos(yL)=F(k,,ks,d,,dg, boundary conditions ), (1)

where L = da + dg is the period and F is a function depending on the structure of the magnonic crystal.
The dependence of function F on kaa and kea, where a is the inter-atomic distance (lattice constant)
assumed to be the same in both materials, is plotted as a two-dimensional (in the case of two layers within

the unit cell of the magnonic crystal) “spectral map”. Magnonic band gaps emerge whenever |F| >1.

Then, the character of the spin-wave dispersion in the magnonic crystal is determined (for specific
parameters of the layers, which must be consistent with those used to plot the map) by the position of
curves (called “lines of spectra” here) defined by the parametric dependence of kag) upon the spin-wave
frequency o in the space of kaa and kga.
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Fig.1 (a) A multilayered thin film magnonic crystal is schematically shown together with the
assumed problem geometry. The bias magnetic field H, magnetisation M and easy
magnetisation axis (defined by unit vector n) are all parallel to the x axis and perpendicular to
the planes of the constituent layers. (b) The unit cell of the magnonic crystal in (a) is
schematically shown. The layers are made of materials A and B (with saturation
magnetisations Mac), uniaxial anisotropy strengths xa), surface anisotropy strengths Kag),
exchange stiffnesses Aa@) and gyromagnetic ratios gaw)) and have thicknesses da and dg. The
separation between layers is a and the interlayer exchange coupling parameter is denoted as
Ang.
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Fig. 2 A typical spectral map is shown with a set of lines of spectra for exchange spin waves, both in
coordinates kaa, ksa. The map is plotted using natural boundary conditions (see the text) for
the magnonic crystal shown in Fig. 1 with Aa = Ag and da = dg = 100a = 3x10® cm. The lines
of spectra are plotted for spin waves the dispersion relation of which is defined by Equation (2)
with Aa = Ag = 2x10°8 erg/cm, Ma = Mg, Ha = Hg, ga = gs, and (1) xa = xs = 25x10° erg/cm?,
(2) KB = 2xa = 50x10° erg/cm?, (3) ks = 2xa = 100x10° erg/cm?, 4)
KB = 4xa = 100x10° erg/cm?®. Black colour corresponds to magnonic band gaps.

In Fig. 2, we assume that the materials A and B have magnetizations Ma and Mg, constants of the
uniaxial magnetic anisotropy xa and xs, gyromagnetic ratios ga and gs, and parameters of the non-
uniform exchange interaction (exchange stiffness parameters) Aa and Ag, respectively. The easy
magnetization axis in both materials is parallel to the unit vector n, which coincides with the normal to
the layer planes (and therefore also to their interfaces) and parallel to which the external bias magnetic
field of strength H is applied. We use a Cartesian coordinate system the x axis of which is parallel to n.
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Limiting the consideration to the exchange approximation, the dispersion of small amplitude plane spin
waves of frequency w propagating along the x axis is described by

2KA(B) 4 2AA(B

) ki(s)} ’ 2)

a):gA(B)(HA(B)_'_ M . M o
A(B A(B

where Hag) are the values of the static internal magnetic field in the layers, which are generally different
if the magnetizations of saturation Mac) are different. Spin waves with dispersion different from that
given by Equation (2) could also be studied using this method, provided the dispersion relation is justified
for the choice of the implemented interface boundary conditions and more generally the model assumed
in the calculation.

The map in Fig. 2 is plotted for the case when the complex wave distributions 1, ) resulting from

the interference of the forward and backward propagating waves in the adjacent layers are related at each
interface via so called “natural boundary conditions” (note that we drop the time dependent harmonic
factor here and throughout the paper, which always cancels in the linear equations)®

Mg = tp =0, (3)

Oty Ot

— A, —==0. 4
A M (4)

The boundary conditions (3-4) do not depend on the strength of the exchange interaction between media
A and B but only require that the two media be coupled strongly enough for the equation (3) to hold.
The strength of this coupling cannot therefore be extracted from comparison of a theory based on the
natural boundary conditions with experiments.

The strength, 7, of exchange coupling between the two media enters explicitly so called “Hoffmann
boundary conditions”.®>% For two media (layers) separated by distance 25, which e.g. can represent the
thickness of a non-magnetic spacer layer (centered at zero), the conditions can be written as

A e S I @

Olg Ola _
] ]

where curly brackets {f (x)}§ are used to denote the value of function f at point &. The second equations

in the natural and Hoffman boundary conditions, i.e. equations (4) and (8) respectively, are identical.
This is because they follow from the conservation of the magnetic energy flow across the interface.!*®
However, the Hoffmann boundary conditions do not require continuity of the magnetization direction at
the interface.

In the case of 26 = a, where a is the inter-atomic distance (lattice constant) at the interface, the
Hoffman boundary conditions describe the media A and B in “direct” contact
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Here, we have formally introduced a volume exchange parameter Aag in place of # as Aag = an/2. Itis
easy to check that the direction of the magnetization is continuous only if one neglects in equation (7)

0
terms of the order of oc%

aoc%, where 1 is the spin wave wavelength,*'! as expected in the

continuous medium approximation, in which the natural boundary conditions (3-4) are derived.

The Hoffmann boundary conditions must only be used to connect solutions that are defined in
different points, 6 and —¢ in the case of equations (5-6) or a/2 and —a/2 in the case of equations (7-8). If,
however, they are applied formally to relate magnetization values that are defined in the same point, one
could arrive to erroneous conclusions, as argued e.g. in Ref. 100. To avoid this, one needs instead to
interpolate properly the Hoffman boundary conditions to the same point (the position of the interface,
e.g. zero coordinate), thereby obtaining so called “Barnas-Mills boundary conditions”.%1%0 |n
Ref. 94,98,106, the case of a significant interface anisotropy*'>1?% was also accounted for, leading to the
following form of the Barnas-Mills boundary conditions®1% used in our calculations

2Ang RN Ot Ol
— A - A - A =K -K
a (/UB /UA)"' AB( o + o B oy AT ox AHA sl 9
0 0
Ag g;B - A, ng = Katia + Kot (10)

where Ka and Kg are the interface anisotropies in materials A and B, respectively. The Barnas-Mills
boundary conditions (9-10) describe properly transitions to the continuous material (so called “full

coupling limit”: A,z = A, = Az and K, = K; =0) and to the long wavelength approximation (4 >>a,
where / is the spin-wave wavelength),®®% as we will also illustrate below for the case of magnonic
crystals.

In this paper, we present a systematic generalization of the method from Refs. 111-114 to the case
of 1D multilayered magnonic crystals with the Barnas-Mills boundary conditions at interfaces.®!® The
boundary conditions enable us to draw general conclusions about the effect of the strengths of the
interlayer coupling and interface anisotropy (pinning) upon the spin-wave band gap spectrum in
magnonic crystals. We find that, in systems with weakened interlayer coupling and/or significant
interface pinning, the spectral band gaps are a rule rather than a result of the Bragg scattering associated
with the periodic modulation of the magnetic properties (“magnetic contrast”). Hence, the interface
anisotropy should normally be avoided in magnonic crystals, while one should also try to realise the
strongest possible coupling between their constituent layers. Finally, we discuss how our findings could
be extrapolated to systems beyond thin-film magnonic crystals for which the theoretical formalism is
developed, while also presenting our opinion about most attractive avenues for magnonic crystals
research.
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I1. General spin-wave dispersion relation in magnonic crystals

We can write the space-dependent parts of the solutions and their derivatives in each layer of the
magnonic crystal as

Has) = Ha(s) exp(+ ikA(B)X)+ Has) EXP(— ikA(B)X)’ (11)

ou . + ; i - i
6/:((8‘) = 1Ka(g)44a(5) €XP (+ |kA(B>X)— iKa(g)t4a(5) EXP (i kA(B)X)' (12)

where ,u;(B) and HA(B) are amplitudes of the forward and backward propagating spin waves in the
constituent layers. Substituting equations (11-12) into the boundary conditions (9-10) at interfaces and
applying the Bloch theorem

plx+L) = u(x)explizL). (13)
at the boundaries of one period of the magnonic crystal, we obtain a system of four homogeneous

algebraic equations for y;(B) and up(g). The system has non-trivial solutions if and only if its

determinant is equal to zero, which (together with equations (2)) yields the sought dispersion relation of
spin waves in the magnonic crystal as

2
'‘AB AAB

cos(zL)= cos(kAdA)cos(deB)(lJr A(fp+Ps) , 8BnPs J .\

{HE_ZAB _4ABﬂAJkBa+

Av Ay AL )2
+cos(k,d,, )sin (kydp AR "e +
+L(&+&[M 220, + i) , 4P D
kpal Ag  Ag Ag A2,
[“ A _2A, 4AB; \Kaa
As A A 2
+sin(k,d, )cos(kydg "o ne _ 14)
L2 (&+&(1+2(m+2ﬁ3)+4ﬂ,;ﬂ5 n
kaal A, A, A A2
2 2
(1+ 4fa , 4P J Ak, +(1+ 4B, 4/23Aj Aks
Ae  Ans ) Aske A Ass JAKA
2
~Lin(kad, )sin(kod, —[2+i+i_ A _4A | GAA ] kakgd® _
2 AB AA AAB AAB Ase 4

A ((BatBe) | ABiBs . APuPs | APila
kAkBa2 AAAB AABAAAB AABAAAB A,iBAAAB

A(B)
2
Aa) (but not Aag) as was done in the used form of the boundary conditions.%

where we have introduced notations [, ) =

and neglected Sae) have been in comparison to
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The obtained spin-wave dispersion relation is obviously too complex to draw any direct
conclusions. Hence, we consider its various limiting cases first and then apply the graphical approach
from Refs. 111-114.

I11. Limits of weak coupling and strong pinning at the interface

In the limit of a weak coupling (i.e. when Aag is small as compared to Aa@)) we obtain from
Equation (14)

cos(yL)= A22 (ZﬂA cos(kAdA)J{ 2P AA:AaJsin(kAdA)jx

'AB AAkAa
28 Ak ; (15)
a) .
x[ZﬂB cos(deB)+[ABkza — 25 Jsm (deB)]
In the limit of a strong pinning (i.e. when faeg) is large as compared to Aag, Aa and Ag), we obtain
cos(yL)= 8a s sin(k,d , )sin(k,dg ). (16)
'A‘AAB'A‘/inAkBa2 A e

The right-hand sides of the dispersion relations (15) and (16) contain large pre-factors in front of
the harmonic functions and are therefore expected to exceed (in absolute value) the unity in wide
frequency ranges, thereby yielding large magnonic band gaps in the spin-wave spectrum.

In the limit of zero coupling, Equation (14) yields the discrete spectra of spin waves in the de-
coupled constituent layers of each type with mixed boundary conditions

(1+( 2., _AAkAa]tan(kAdA)J[“( 24 _ABkBa]tan(deB)JZO, (17)

Ak.a 2B, 2 Aksa 2, 2

or recalling the introduced earlier notations

1o Ka _ Aka tan(k,d , ) Lo Ko Askg tan(kgd, ) Y 18)
Ak, K, 2 Aky  Kg 2
In the limit of infinitely strong pinning, we obtain the discrete spectra of spin waves in the de-
coupled constituent layers of each type with Dirichlet boundary conditions

sin(k,d,, )sin(kgdg)=0 (19)
as expected.

IV. Limiting case of natural boundary conditions

A typical issue that arises in numerical calculations of the spin-wave dispersion is how to set the
value of the exchange parameter at interface between two materials, e.g. when numerically computed
dispersions are to be compared with analytical theories. The following considerations could ensure that
the comparison is reasonable even beyond the long-wavelength limit, when the applicability of the
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natural boundary conditions is guaranteed. Let us first consider the case of zero interface anisotropy.
Then we obtain from Equation (14)

cos(yL)=cos(k,d, )cos(k,d, )+

keal, A, 2A . kaa(, A, 2A. ).
— |1+ = - k,d k.d 1+—2 - —4 k,d k.d.)—
= [+AA ABJcos( A0, )sin(kgdg )+ 5 +AB ™ sin(k,d , )cos(kgd, )

2
—lsin(kAdA)sin(deB)(AAkA +A-;ks_(2+ﬁ+i_ AA, 4A | 4A2ABJkAkBa j
2 AB kB AA kA AB AA AAB AAB AAB 4

This dispersion relation reduces to that obtained using "natural” boundary conditions (3-4), i.e.

(20)

cos(;gL):cos(kAdA)cos(deB)—%{Z—:A+2B—:Bjsin(kAdA)sin(deB), (21)
B ATCA
if and only if
2A, A, 1 1(1 1
= or == —+—|,
TOAFA A Z(AA ABJ (22)

which is identical to the averaging law in the thin layer limit (1>>L).}* When the interface anisotropy
IS non-zero but the interface exchange is defined by Equation (22), we obtain

cos(zL)=cos(k,d , Jcos(kydy )+

28, + ) . 2B+ Bs) _
+—ABkBa cos(k,d , )sin(kgdg )+ Aka sin(k,d,, )cos(kgdg) )

2
1 Ak, . Agks 4B +ﬂs)2 sin(k,d, )sin(kgdg)
2{ Agks  Anka  AsAgk, kg2

The strength of the exchange interaction between different materials is defined using Equation (22)
e.g. in MuMax.'® Hence, an analytical theory aiming to explain observations made from micromagnetic
simulations performed in MuMax could be based on the natural boundary conditions (3-4), which are
arguably simpler than the Barnas-Mills boundary conditions.

V. Barnas-Mills and Hoffmann boundary conditions in the full coupling limit

Let us illustrate the relation between the Barnas-Mills and Hoffmann boundary conditions, which
is best noted in the full coupling limit, or the limit of a uniform medium for a magnonic crystal. The
surface anisotropy is absent in the case of a uniform medium. Then, dropping indices A and B (except
in dag)) in the equation (20), we obtain

cos(yL)=cos(kL)+ ka( Pne AJsin (kL)+ ( Ao~ Aj kzzaz sin(kd , )sin(kdy ). (24)

‘AB AAB

In the case of A = Aag, the second and third terms are strictly equal to zero, and the Bloch wave
number equals that in the continuous material, satisfying the full coupling limit, as expected for the
Barnas-Mills boundary conditions. In contrast, from the Hoffmann boundary conditions, we obtain for
the same case of A = Aas
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cos(xL) = cos(kL)- Aka sin(kL)+ tzaz sin(kd , )sin(kdg ) = 25)

= cos(kL )—kasin (kL) +k?a?sin(kd , )sin(kd; )

i.e. the full coupling limit is fulfilled only approximately in the long wavelength limit. This shows that
the limits of applicability of the Hoffmann boundary conditions basically coincide with those of the
continuous medium approximation, although a weakened exchange coupling at interfaces might increase
the error associated with their use. Furthermore, the overlap between the regions of validity the exchange
and continuous medium approximations is rather narrow, making errors associated with the incorrect use
of the Hoffmann boundary conditions to describe exchange spin waves more likely.

V1. Graphical analysis of the general dispersion relation

We begin our graphical analysis of the general dispersion relation (14) by considering the
symmetrical case da =dg, Aa=As and fa =pg. It is useful to assume that the strengths of both the
exchange interaction and of the interface anisotropy in the layers are measured in relative units of Aag.

- - - AA(B) ﬁA(B)
Hence, we replace (both in the text and figure captions) A, —>A— and Bag) > ———
AB AB

in this

section. Furthermore, to plot the spectra maps, we assume that da = dg = 100a.

0
0 0025 0.05 0 0.025 0.05
kaa m— kra
0 05 1
[Eka, k)l

Fig. 3 Spectral maps are shown for fag) =0 and different strengths of the interlayer exchange
coupling (@) AAa=Ag =0.5, (b) Aa=As =2, (c) Aa=Ag =10, and (d) Aa = Ag =100. Black
colour corresponds to magnonic band gaps.

Fig. 3 shows the spectral maps for different strengths of the interlayer exchange coupling. The
map for strong coupling Aa = As = 0.5 (Fig. 3 (a)) is virtually identical to that plotted using the natural
boundary conditions in Fig. 2, with only slight deviations noticeable in the case of slightly weakened
coupling Aa = As = 2 (Fig. 3 (b)). This emphasizes the earlier made remark that the natural boundary
conditions only require the coupling to be strong but do not enable quantitative analysis of the coupling
strength. As the coupling strength decreases, magnonic band gaps emerge in (Aa = Ag = 10, Fig. 3 (c))
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and then dominate the spectrum (Aa = As =100, Fig.3(c)). This behaviour agrees well with the
prediction made earlier based on Equation (15).

Fig. 4 shows the spectral maps for different strengths of the interface anisotropy in the layers.
Again, in agreement with our earlier analytical predictions based on Equation (16), the presence of
interface anisotropy leads to appearance of magnonic band gaps in the spin-wave spectrum, with the
band-gap width increasing with increasing the surface anisotropy strength (i.e. pinning).

L
0 0.025 0.05 0 0.025 0.05

kaa — kaa
0 0.5 1
|F(kn, k)|

Fig. 4 Spectral maps are shown for Aa = Ag = 1 and different strengths of the interface anisotropy (a)
Ba=pe=0, (b) fa=ps=0.001, (c) fao=pe=0.01, and (d) pa=ps=0.1. Black colour
corresponds to magnonic band gaps.

It is also interesting to consider a magnonic crystal consisting of the same layers (with ka = ks = k)
separated by interfaces with interface anisotropy S = fa = s and modified (relative to that in the layers)
exchange coupling. This corresponds to lines of spectra in form of diagonals running from the bottom
left to the top right corners in Figs. 3and 4. The spin-wave spectra described by the lines contain
magnonic band gaps. However, the band gaps emerge differently when resulting from a weakened
interlayer coupling or a finite interface anisotropy, so that the low frequency (wave-number) region
remains “allowed” in the former and becomes “forbidden” in the latter case. This is a result of the pinning
of the magnetisation in the case of a finite strength of the interface anisotropy. For the spectral maps in
this case, we could also obtain from Equation (14) keeping only leading terms in j

cos(yL)= cos(kn,a)cos(knya)1+84)+

+sin(k(n, +n, )a)((l— AL+ 25Kk + %} . "

—sin(kn,a)sin (knBa)[l+ 44 - %(1— A)’ (ka)* - A?(ﬂk;)z j

where na and ng denote the numbers of lattice constants a in the layer thicknesses da and dg, respectively.
Hence, we find that, for the case of k = 0, the leading term is

10
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2
cos(zL)~1+ 4ﬂ[2+ M ;”B j+ 8ﬂA”2A”B >1, @27)
i.e. we have a band gap if #> 0. If however = 0, we have
2
cos(;(L)zl—M(nA+nB+2A—2)<1, (28)

2
i.e. we have an allowed band if na + ng > 2, which is always the case.

We have shown that a strong pinning and a weak coupling can both lead to extremely wide band
gaps and narrow magnonic bands, and ultimately to a discrete spectrum of spin waves in the sample. In
magnonic crystals of interest, one aims to realise the opposite situation, i.e. to make the coupling strong
and the pinning weak, so that the magnetic energy flux carried by spin waves across the interfaces is as
strong as possible. The magnonic band gaps are realised by increasing the depth of modulation
(“contrast”) of magnetic parameters in the sample. In this practically important case, the magnonic
dispersion can calculated as

cos(yL)= cos(k,n,a)cos(kgnza)d+4(8, + B )+

As kga Z(ﬂA +ﬁ5)
+cos(k,n,a)sin(kgn a)((lJr A 2A,(1+ ZﬂA)] 5+ Aka }L
+sin(k,n,a)cos(kgn a{[l-ﬁ-i—ZAA 1+ ZﬂB)J Kad | Z(ﬂA+ﬂB)j_

2 Ak, (29)

A UL (s

Ak, A A kga?
—%sin(kAnAa)sin(anBa wha AaAska

—(2+% 22 A(A, + A)+4A, ABjkka

Finally, Fig. 5 shows the spectral maps for the case of unequal strengths of the exchange parameter
in the two layers. Expectedly, the maps become asymmetric in this case. The positions of the lines of
spectra also shift (or rather get distorted) with the map. However, the possibility of tuning the positions
by the parameters of the layers that do not enter Equation (14) is retained, as discussed e.g. in Ref. 112,

11
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0.025 0.05
k‘:\a

Fig. 5 Spectral maps are shown for Aa =1 and the values of Ag and fa) indicated for each panel.
Black colour corresponds to magnonic band gaps.

VI1I. Discussion

The main take-home message of the presented analysis is that the weakened interlayer exchange
coupling and finite interface anisotropy (pinning) can both lead to formation of frequency gaps (band
gaps) in the spin-wave spectrum of magnonic crystals. However, the origin of such band gaps is not
related to the Bragg resonance. Instead, the Bragg resonance is responsible for formation of the (quite
flat) allowed bands in the systems. The bands could also be considered as splitting of the standing spin-
wave resonances in the constituent layers of the magnonic crystals, in the spirit of the tight binding theory
of the quantum-mechanical electron in crystals.*?® So, both the weakened interlayer coupling and finite
interface pinning should be generally treated as imperfections and therefore avoided. Instead, in “good”
magnonic crystals, magnonic band gaps are formed due to cumulative scattering from consecutive
interfaces between layers with high magnetic contrast, as in the case of the nearly free electrons in
crystals.’?® The degree to which this is achieved could be judged by the applicability of the natural
boundary conditions (3-4) to the descriptions of observed magnonic band spectrum.

Strictly speaking, the formalism developed in this paper applies to the case of exchange spin waves
in thin-film magnonic crystals. However, we speculate that the calculations themselves, the graphical
analysis and the conclusions drawn could be extrapolated to several other systems beyond those assumed
in our model. For instance, the dispersion of spin waves in the individual layers does not necessarily
need to be that described by Equation (2). Indeed, the dispersion relation could be replaced by that
derived using any microscopic approach, provided the approach is consistent with the Barnas-Mills

12
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boundary conditions, given by Equations (9-10). The modification of the dispersion relation would
change the shape and position of the lines of spectra but not the spectral maps.

Surface magnetostatic waves (Damon-Eshbach modes)*?’ in thin planar magnonic crystals could
also be treated (even if approximately) using our approach. Indeed, assuming that the mode amplitude
IS constant across the film thickness, the dispersion relation of such modes in a magnonic crystal would
be calculated by applying the Bloch theorem and requiring continuity of the magnetostatic potential and
its derivative at interlayer interfaces. The latter boundary conditions have form of those considered here,
perhaps with a different meaning of the parameters in the equation. The pinning would be “effective”%t
and have magneto-dipole origin, e.g. in samples with modulated magnetization of saturation. The
strength of coupling between layers could be modified by introducing air gaps between layers.128130 Yet,
any generalization to the case of dipole-exchange spin waves could be only approximate since the
corresponding differential (or integro-differential equations) are of a higher order, so that a greater
number of boundary conditions is required to stitch their solutions at interfaces. However, it is likely
that even qualitative analysis based on the ideas presented here could prove useful in some cases.

In Ref. 106, we showed that, under certain assumptions, the Barnas-Mills boundary conditions
could even be used to describe interfaces of finite (albeit small) thickness, thereby removing the need to
consider the detailed structure of interfaces. In the same work, we also outlined how the boundary
conditions could be derived for the case of non-collinear magnetic configurations across the interface,
which could result either from non-collinearity of the easy magnetization axes in the adjacent layers, or
from the antisymmetric (Dzyaloshinskii-Moriya) exchange coupling.3-3 It is plausible that the spin-
wave dispersion relations in one-dimensional periodic non-collinear configurations of this sort (e.g. such
as that forming the domain wall magnonic crystals from Refs. 135) could be treatable using the approach
developed here.

The theory presented here does not consider magnetic damping.**® The spin-wave attenuation in
magnonic crystals depends non-monotonically on the frequency and magnetic structure.’?*13" In
practice, researchers face a trade-off between studying low-damping Y IG magnonic crystals with periods
typically greater than 100 um?® and relatively high damping metallic magnonic crystals with periods
down to several 100 nm.%® Only recently, thin (and therefore potentially patternable at the nanoscale)
YIG and ultralow damping metallic ferromagnetic alloys became available,'*® promising to revolutionize
the experimental studies of magnonic crystals. At present, however, the damping in metallic
ferromagnets used so far appears to be quite high to allow formation of a magnonic band resulting from
Bragg resonance of multiple spin waves scattered from successive interfaces in magnonic crystals with
a strong magnetic contrast. In contrary, the wide magnonic band gaps resulting from a weakened
interlayer coupling and/or a strong magnetization pinning at interfaces are not limited by damping since
they originate mainly from individual layers and do not therefore require Bragg resonances to form. In
this case, the damping is more relevant to the width of allowed bands. The formalism developed here
might facilitate a more thorough analysis of the available experimental data to isolate the true mechanism
of the magnonic band spectrum formation in metallic magnonic crystals. Yet, we note that magnonic
crystals even with relatively high damping could be used as Bragg mirrors.*3®

In addition to mastering magnonic crystals formed on the basis of thin Y1G films“° and ultralow
damping CoFe alloys,*3® we see two other main avenues for development of the magnonic crystal
research in the nearest future. The first path is associated with a more extensive use of the ideas of
graded-index magnonics.’*!  This includes media with a continuously periodic modulation of the
magnetic contrast'*? or applied magnetic field,}431% those with a periodic variation of the magnetic
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texture (such as arrays of magnetic domain walls,**>146 vortices'#14° and skyrmions,** or even periodic

bending of the magnetization!41°) as well as combinations of the approaches. In light of the discussion
presented in this paper, this path has an obvious advantage of maintaining the full magnetic coupling
between and within individual periods of the magnonic crystals, which would also be free from patterned
(or otherwise defined) sharp interfaces and associated interface anisotropy and pinning.

The other path is associated with exploitation of Fano resonances®>!®? in binary magnonic
structures, in which (presumably, metallic) magnetic resonators could be periodically formed on top of
a low damping magnonic medium, such as YIG. Highly exotic effects associated with Fano resonances
were observed already in the case of interaction between an isolated resonator and underlying magnonic
waveguide.?>31%* The microwave to spin wave coupling concept from Ref. 153 was extended to an array
of resonators (“nanograting coupler”) in Ref. 140,155. Both the graded-index and Fano resonance
research directions lend themselves naturally to reconfigurability by altering the micromagnetic
configuration of the magnonic crystals*®-1%8 and to tuneability and dynamic modulation by the applied
magnetic field,431% which represent the perceived main attractions of the magnonic technology. Finally,
we should mention here the non-reciprocity inherent to magnetism and more recently also observed in
magnonic crystals, %% which is beyond the scope of this contribution.

VII1. Conclusions

We have investigated the origin of the band gaps in the spectrum of spin-waves propagating in thin-
film magnonic crystals with general assumptions about the properties of interfaces their constituent
layers, as described by the Barnas-Mills boundary conditions.®!% Using the graphical method from
Refs. 111-114, we have revealed that magnonic band gaps are a ubiquitous attribute of the spin-wave
dispersion in magnonic crystals with weakened interlayer coupling and/or finite interface anisotropy
(pinning). The band gaps do not result from Bragg scattering but represent a legacy of the discrete spin-
wave spectrum of the individual magnetic layers periodically stacked to form the magnonic crystal. This
conclusion can be generalized to the important case of arrays of dipolar-coupled magnetic elements (e.g.
stripes or nanodots) since the magneto-dipole coupling between elements is usually much weaker than
that within each individual element. Our conclusions lend a special attraction to magnonic crystals based
on the ideas of graded-index magnonics or those formed by Fano resonances in a low damping magnetic
wafer loaded by arrays of magnetic elements as they could prove free from the discovered shortcomings.

Acknowledgments

This research has received funding from the European Union’s Horizon 2020 research and
innovation program under Marie Sktodowska-Curie Grant Agreement No. 644348 (MagIC) and from
Ukrainian State Fund for Fundamental Research under project No. F71/73-2016 ("Multifunctional
Photonic Structures™).

! C. Elachi, “Magnetic wave-propagation a periodic medium”, IEEE MAG-11, 36 (1975).

2 C. Elachi, “Waves in active and passive periodic structures - review”, Proc. IEEE 64, 1666 (1976).

3 C. G. Sykes, J. D. Adam, and J. H. Collins, “Magnetostatic wave-propagation in a periodic structure”,
Appl. Phys. Lett. 29, 388 (1976).

4 Y. V. Gulayev, S. A. Nikitov, and V. P. Plesskii, “Magnetostatic wave-propagation in a normally
magnetized ferrite plate with periodically non-flat surfaces”, Fiz. Tv. Tela (Leningrad) 22, 2831 (1980).

5 R. E. Camley, T. S. Rahman, and D. L. Mills, “Magnetic excitations in layered media — spin-waves and

the light-scattering spectrum”, Phys. Rev. B 27, 261 (1983).

14



Page 15 of 21 AUTHOR SUBMITTED MANUSCRIPT - JPhysD-111128.R1

©CoO~NOUTA,WNPE

6 P. Griinberg and K. Mika, “Magnetostatic spin-wave modes of a ferromagnetic multilayer”, Phys. Rev. B
27, 2955 (1983).

! R. P. van Stapele, F. J. A. M. Greidanus, and J. W. Smits, “The spin-wave spectrum of layered magnetic
thin-films”, J. Appl. Phys. 57, 1282 (1985).

8 E. L. Albuquerque, P. Fulco, E. F. Sarmento, and D. R. Tilley, “Spin-waves in a magnetic superlattice”,
Solid State Commun. 58, 41 (1986).

o R. E. Camley and M. G. Cottam, “Magnetostatic theory of collective excitations in ferromagnetic and
antiferromagnetic superlattices with magnetization perpendicular to the surface”, Phys. Rev. B 35, 189 (1987).
10 J. Barnas, “Spin-waves in superlattices. 1. General dispersion equations for exchange, magnetostatic and

retarded modes”, J. Phys. C 21, 1021 (1988); “Spin-waves in superlattices. 2. Magnetostatic modes in the Voight
configuration”, ibid. 21, 4097 (1988).

1 J. G. Le Page and R. E. Camley, “Spin-wave spectrum of a superlattice with antiferromagnetic interfacial
coupling”, Phys. Rev. B 40, 9113 (1989).
12 R. L. Stamps and B. Hillebrands, “Dipole-exchange modes in multilayers with out-of-plane anisotropies”,

Phys. Rev. B 44, 5095 (1991).

13 J. Barnas, “Exchange modes in ferromagnetic superlattices”, Phys.Rev. B. 45, 10427 (1992).

14 B. Li, J. Yang, J.-L. Shen, and G.-Z. Yang, “Magnetostatic modes in semi-infinite magnetic-nonmagnetic
superlattices for an arbitrary-angle magnetization geometry”, Phys. Rev. B 50, 9906 (1994).

15 M. G. Cottam (Ed.) “Linear and nonlinear spin waves in magnetic films and superlattices” (World
Scientific Publishing, Singapore, 1994), and references therein.

16 Y. I. Gorobets, A. N. Kuchko, and S. A. Reshetnyak, “Reflection of spin waves in multilayered materials
with modulated magnetic parameters”, Fiz. Tverd. Tela (St. Petersburg) 38, 575 (1996).

g A. B. Drovosekov, N. M. Kreines, D. I. Kholin, V. F. Meshcheryakov, M. A. Milyaev, L. N. Romashev,
and V. V. Ustinov, “Ferromagnetic resonance in multilayer [Fe/Cr] structures with noncollinear magnetic
ordering”, JETP Lett. 67, 727 (1998).

18 V. A. Ignatchenko, Y. I. Mankov, and A. A. Maradudin, “The spectrum and damping of waves in partially
randomized multilayers”, J. Phys.: Condens. Matter 11, 2773 (1999).

19 M. Krawczyk, J.-C. Lévy, D. Mercier, and H. Puszkarski, “Forbidden frequency gaps in magnonic spectra
of ferromagnetic layered composites”, Phys. Lett. A 282,186 (2001).

20 S. A. Nikitov, P. Tailhades, and C. S. Tsai, “Spin waves in periodic magnetic structures - magnonic
crystals”, J. Magn. Magn. Mater. 236, 320 (2001).

2 J. O. Vasseur, A. Akjouj, L. Dobrzynski, B. Djafari-Rouhani, E. H. El Boudouti, “Photon, electron,
magnon, phonon and plasmon mono-mode circuits”, Surf. Sci. Rep. 54, 1 (2004), and references therein.

22 P. Chu, D. L. Mills, and R. Arias, “Exchange/dipole collective spin-wave modes of ferromagnetic
nanosphere arrays”, Phys. Rev. B 73, 094405 (2006).

z3 G. Gubbiotti, S. Tacchi, G. Carlotti, N. Singh, S. Goolaup, A. O. Adeyeye, and M. Kostylev, “Collective
spin modes in monodimensional magnonic crystals consisting of dipolarly coupled nanowires”, Appl. Phys. Lett.
90, 092503 (2007).

24 L. Giovannini, F. Montoncello, and F. Nizzoli, “Effect of interdot coupling on spin-wave modes in
nanoparticle arrays”, Phys. Rev. B 75, 024416 (2007).

% H. Al-Wahsh, E. H. El Boudouti, B. Djafari-Rouhani, A. Akjouj, T. Mrabti, and L. Dobrzynski, “Evidence
of Fano-like resonances in mono-mode magnetic circuits”, Phys. Rev. B 78, 075401 (2008).

2 M. Krawczyk and H. Puszkarski, “Plane-wave theory of three-dimensional magnonic crystals”, Phys. Rev.
B 77, 054437 (2008).

a Z. K. Wang, V. L. Zhang, H. S. Lim, S. C. Ng, M. H. Kuok, S. Jain, and A. O. Adeyeye, “Observation of
frequency band gaps in a one-dimensional nanostructured magnonic crystal”, Appl. Phys. Lett. 94, 083112 (2009).
28 V. V. Kruglyak, S. O. Demokritov, and D. Grundler, “Magnonics”, J. Phys. D - Appl. Phys. 43, 264001
(2010), and references therein.

2 A. A. Serga, A. V. Chumak, and B. Hillebrands, “YIG Magnonics™, J. Phys. D - Appl. Phys. 43, 264002
(2010), and references therein.

15



©CoO~NOUTA,WNPE

AUTHOR SUBMITTED MANUSCRIPT - JPhysD-111128.R1 Page 16 of 21

30 G. Gubbiotti, S. Tacchi, M. Madami, G. Carlotti, A. O. Adeyeye, and M. Kostylev, “Brillouin light
scattering studies of planar metallic magnonic crystals”, J. Phys. D - Appl. Phys. 43, 264003 (2010), and
references therein.

81 Y. J. Cao, G. H. Yun, X. X. Liang, and N. S. Bai, “Band structures of two-dimensional magnonic crystals
with different shapes and arrangements of scatterers”, J. Phys. D - Appl. Phys. 43, 305005 (2010).

82 M. Krawczyk, J. Klos, M. L. Sokolovskyy, and S. Mamica, “Materials optimization of the magnonic gap
in three-dimensional magnonic crystals with spheres in hexagonal structure”, J. Appl. Phys. 108, 093909 (2010).
33 R. Zivieri, F. Montoncello, L. Giovannini, F. Nizzoli, S. Tacchi, M. Madami, G. Gubbiotti, G. Carlotti, A.
O. Adeyeye, “Collective spin modes in chains of dipolarly interacting rectangular magnetic dots”, Phys. Rev. B
83, 054431 (2011).

3 H. Al-Wahsh, A. Akjouj, B. Djafari-Rouhani, and L. Dobrzynski, “Magnonic circuits and crystals”, Surf.
Sci. Rep. 66, 29 (2011), and references therein.

% V. L. Zhang, Z. K. Wang, H. S. Lim, S. C. Ng, M. H. Kuok, S. Jain, and A. O. Adeyeye, “Nanostructured
magnonic crystal with magnetic-field tunable bandgap”, J. Nanosci. Nanotechn. 11, 2657 (2011).

%6 K. H. Chi, Y. Zhu, R. W. Mao, J. P. Dolas, and C. S. Tsai, “An approach for analysis of magnetostatic
volume waves in magnonic crystals”, J. Appl. Phys. 109, 07D320 (2011).

87 S. Tacchi, F. Montoncello, M. Madami, G. Gubbiotti, G. Carlotti, L. Giovannini, R. Zivieri, F. Nizzoli, S.
Jain, A. O. Adeyeye, and N. Singh, “Band diagram of spin waves in a two-dimensional magnonic crystal”, Phys.
Rev. Lett. 107, 127204 (2011).

38 R. S. Iskhakov, S.V. Stolyar, M. V. Chizhik, and L. A. Chekanova, “Spin-wave resonance in multilayer
films (one-dimensional magnon crystals). Identification Rules”, JETP Lett. 94, 301 (2011).

3 B. Lenk, H. Ulrichs, F. Garbs, and M. Munzenberg, “The building blocks of magnonics”, Phys. Rep. 507,
107 (2011), and references therein.

40 M. L. Sokolovskyy and M. Krawczyk, “The magnetostatic modes in planar one-dimensional magnonic
crystals with nanoscale sizes”, J. Nanoparticle Res. 13, 6085 (2011).

4 H. Yang, G. H. Yun, and Y. J. Cao, “Spin-wave band gaps created by rotating square rods in two-
dimensional magnonic crystals”, J. Phys. D - Appl. Phys. 44, 455001 (2011).

42 V. A. Ignatchenko and D. S. Tsikalov, “Spin waves in multilayers with different magnitudes of the
magnetization, exchange, and anisotropy”, Solid State Phenom. 190, 71 (2012).

43 R. S. Iskhakov, S. V. Stolyar, L. A. Chekanova, and M. V. Chizhik, “Spin-wave resonance in a multilayer

Co14Px/C014Py structure as a method of detection of the Bragg gaps in a spin wave spectrum”, Phys. Solid State
54, 748 (2012).

44 P. B. He, G. N. Gu, and A. L. Pan, “Modulational instability and gap solitons in periodic ferromagnetic
films”, Eur. Phys. J. B 85, 119 (2012).

45 B. Rana, D. Kumar, S. Barman, S. Pal, R. Mandal, Y. Fukuma, Y. Otani, S. Sugimoto, and A. Barman,
“Anisotropy in collective precessional dynamics in arrays of NissFe2o nanoelements”, J. Appl. Phys. 111, 07D503
(2012).

46 E. N. Beginin, Y. A. Filimonov, E. S. Pavlov, S. L. Vysotskii, and S. A. Nikitov, “Bragg resonances of
magnetostatic surface spin waves in a layered structure: Magnonic crystal-dielectric-metal”, Appl. Phys. Lett.
100, 252412 (2012).

41 A. V. Chumak, V. I. Vasyuchka, A. A. Serga, M. P. Kostylev, V. S. Tiberkevich, and B. Hillebrands,
“Storage-recovery phenomenon in magnonic crystal”, Phys. Rev. Lett. 108, 257207 (2012).

48 S. A. Dzian and B. A. Ivanov, “Dynamics and stability of a linear cluster of spherical magnetic
nanoparticles”, J. Eksp. Theor. Phys. 115, 854 (2012).
49 Y. Filimonov, E. Pavlov, S. Vystostkii, and S. Nikitov, “Magnetostatic surface wave propagation in a

one-dimensional magnonic crystal with broken translational symmetry”, Appl. Phys. Lett. 101, 242408 (2012).

%0 J. W. Klos, D. Kumar, M. Krawczyk, and A. Barman, “Magnonic band engineering by intrinsic and
extrinsic mirror symmetry breaking in antidot spin-wave waveguides”, Sci. Rep. 3, 2444 (2013).

51 K. H. Chi, Y. Zhu, and C. S. Tsai, “Two-dimensional magnonic crystal with periodic thickness variation
in YIG layer for magnetostatic volume wave propagation”, IEEE Trans. Magn. 49, 1000 (2013).
52 R. Shindou, R. Matsumoto, and S. Murakami, “Topological chiral magnonic edge mode in a magnonic

crystal”, Phys. Rev. B 87, 174427 (2013).
16



Page 17 of 21 AUTHOR SUBMITTED MANUSCRIPT - JPhysD-111128.R1

©CoO~NOUTA,WNPE

53 S. A. Dzian and B. A. Ivanov, “Collective oscillations of the magnetic moments of a chain of spherical
magnetic nanoparticles with uniaxial magnetic anisotropy”, J. Eksp. Theor. Phys. 116, 975 (2013).
>4 S. Mamica, “Tailoring of the partial magnonic gap in three-dimensional magnetoferritin-based magnonic

crystals”, J. Appl. Phys. 114, 043912 (2013).

%5 Q. Wang, Z. Y. Zhong, L. C. Jin, X. L. Tang, F. M. Bai, H. W. Zhang, and G. S. D. Beach, “Design of
nanostrip magnonic crystal waveguides with a single magnonic band gap”, J. Magn. Magn. Mater. 340, 23 (2013).
56 F. Ciubotaru, A. V. Chumak, B. Obry, A. A. Serga, and B. Hillebrands, “Magnonic band gaps in
waveguides with a periodic variation of the saturation magnetization”, Phys. Rev. B 88, 134406 (2013).

57 M. Krawczyk, S. Mamica, M. Mruczkiewicz, J. W. Klos, S. Tacchi, M. Madami, G. Gubbiotti, G. Duerr,
and D. Grundler, “Magnonic band structures in two-dimensional bi-component magnonic crystals with in-plane
magnetization”, J. Phys. D - Appl. Phys. 46, 495003 (2013).

58 S. E. Sheshukova, E. N. Beginin, A. V. Sadovnikov, Y. P. Sharaevsky, and S. A. Nikitov, “Multimode
propagation of magnetostatic waves in a width-modulated yttrium-iron-garnet waveguide”, IEEE Magn. Lett. 5,
3700204 (2014).

59 D. Kumar, J. W. Klos, M. Krawczyk, and A. Barman, “Magnonic band structure, complete bandgap, and
collective spin wave excitation in nanoscale two-dimensional magnonic crystals”, J. Appl. Phys. 115, 043917
(2014).

60 R. A. Gallardo, A. Banholzer, K. Wagner, M. Korner, K. Lenz, M. Farle, J. Lindner, J. Fassbender, and P.
Landeros, “Splitting of spin-wave modes in thin films with arrays of periodic perturbations: theory and
experiment”, New J. Phys. 16, 023015 (2014).

61 Q. Wang, H. W. Zhang, X. L. Tang, H. Su, F. M. Bai, Y. L. Jing, and Z. Y. Zhong, “Effects of symmetry
reduction on magnon band gaps in two-dimensional magnonic crystals™, J. Phys. D - Appl. Phys. 47, 065004
(2014).

62 V. L. Mironov, E. V. Skorohodov, and J. A. Blackman, “Magnetic states and ferromagnetic resonance in
geometrically frustrated arrays of multilayer ferromagnetic nanoparticles ordered on triangular lattices™, J. Appl.
Phys. 115, 184301 (2014).

63 F. Montoncello and L. Giovannini, “Bandwidth broadening and asymmetric softening of collective spin
waves in magnonic crystals”, Appl. Phys. Lett. 104, 242407 (2014).

64 M. A. Morozova, S. V. Grishin, A. V. Sadovnikov, Y. P. Sharaevskii, and S. A. Nikitov, “Magnonic
bandgap control in coupled magnonic crystals”, IEEE Trans. Magn. 50, 4007204 (2014).

65 R. Zivieri, “Bandgaps and demagnetizing effects in a Py/Co magnonic crystal”, IEEE Trans. Magn. 50,
1100304 (2014).

66 S. A. Nikitov, D. V. Kalyabin, I. V. Lisenkov, A. N. Slavin, Y. N. Barabanenkov, S. A. Osokin, A. V.
Sadovnikov, E. N. Beginin, M. A. Morozova, Y. P. Sharaevsky, Y. A. Filimonov, Y. V. Khivintsev, S. L.
Vysotsky, V. K. Sakharov, and E. S. Pavlov, “Magnonics: a new research area in spintronics and spin wave
electronics”, Physics-Uspekhi. 58, 1002 (2015), and references therein.

67 A. A. Nikitin, A. B. Ustinov, A. A. Semenov, A. V. Chumak, A. A. Serga, V. |. Vasyuchka, E. Lahderanta,
B. A. Kalinikos, and B. Hillebrands, “A spin-wave logic gate based on a width-modulated dynamic magnonic
crystal”, Appl. Phys. Lett. 106, 102405 (2015).

68 M. Stebliy, A. Ognev, A. Samardak, L. Chebotkevich, R. Verba, G. Melkov, V. Tiberkevich, and A.
Slavin, “Influence of the properties of soft collective spin wave modes on the magnetization reversal in finite arrays
of dipolarly coupled magnetic dots”, J. Magn. Magn. Mater. 384, 166 (2015).

0 X. K. Hu, H. Dey, N. Liebing, H. W. Schumacher, G. Csaba, A. Orlov, G. H. Bernstein, and W. Porod,
“Coherent precession in arrays of dipolar-coupled soft magnetic nanodots”, J. Appl. Phys. 117, 243905 (2015).
0 J. Rychly, P. Gruszecki, M. Mruczkiewicz, J. W. Klos, S. Mamica, and M. Krawczyk, “Magnonic crystals
- Prospective structures for shaping spin waves in nanoscale”, Low Temper. Phys. 41, 741 (2015), and references
therein.

n I. Lisenkov, V. Tyberkevych, S. Nikitov, and A. Slavin, “Theoretical formalism for collective spin-wave
edge excitations in arrays of dipolarly interacting magnetic nanodots”, Phys. Rev. B 93, 214441 (2016).

2 A. V. Sadovnikov, E. N. Beginin, M. A. Morozova, Y. P. Sharaevskii, S. V. Grishin, S. E. Sheshukova,
and S. A. Nikitov, “Nonlinear spin wave coupling in adjacent magnonic crystals”, Appl. Phys. Lett. 109, 042407
(2016).

17



©CoO~NOUTA,WNPE

AUTHOR SUBMITTED MANUSCRIPT - JPhysD-111128.R1 Page 18 of 21

& V. V. Kruglyak, P. S. Keatley, A. Neudert, R. J. Hicken, J. R. Childress, and J. A. Katine, “Imaging
collective magnonic modes in 2D arrays of magnetic nanoelements”, Phys. Rev. Lett. 104, 027201 (2010).

T R. V. Mikhaylovskiy, E. Hendry, and V. V. Kruglyak, “Negative permeability due to exchange spin-wave
resonances in thin magnetic films with surface pinning”, Phys. Rev. B 82, 195446 (2010).

" S. Neusser, H. G. Bauer, G. Duerr, R. Huber, S. Mamica, G. Woltersdorf, M. Krawczyk, C. H. Back, and
D. Grundler, “Tunable metamaterial response of a NigFez antidot lattice for spin waves”, Phys. Rev. B 84,
184411 (2011).

& R. Zivieri, “Metamaterial properties of one-dimensional and two-dimensional magnonic crystals”, Sol.
State Phys. 63, 151 (2012).
" L. J. Heyderman and R. L. Stamps, “Artificial ferroic systems: novel functionality from structure,

interactions and dynamics”, J. Phys. Condens. Matter 25, 363201 (2013), and references therein.

& P. Chen, R. K. Li, Y. Gu, Y. Shi, and R. X. Wu, “Ultrathin broadband microwave absorbers using
ferromagnetic films”, J. Magn. Magn. Matter. 349, 259 (2014).

& E. L. Albuquerque and M. G. Cottam, “Theory of elementary excitations in quasiperiodic structures”,
Phys. Rep. 376, 225 (2003), and references therein.

8 C. H. O. Costa, P. H. R. Barbosa, F. F. Barbosa, M. S. Vasconcelos, and E. L. Albuquerque, “Band gaps
in the terahertz frequency range in quasiperiodic one-dimensional magnonic crystals”, Solid St. Commun. 150,
2325 (2010).

8l W. J. Hsueh, C. H. Chen, and R. Z. Qiu, “Perfect transmission of spin waves in a one-dimensional
magnonic quasicrystal”, Phys. Lett. A 377, 1378 (2013).
82 C. H. Costa and M. S. Vasconcelos, “Magnons in one-dimensional k-component Fibonacci structures”, J.

Appl. Phys. 115, 17C115 (2014).

8 C. H. Chen, R. Z. Qiu, C. H. Chang, W. J. Hsueh, “Strongly localized modes in one-dimensional defect-
free magnonic quasicrystals”, AIP Adv. 4, 087102 (2014).

84 C. Swoboda, M. Martens, and G. Meier, “Control of spin-wave excitations in deterministic fractals”, Phys.
Rev. B 91, 064416 (2015).

8 J. Rychly, J. W. Klos, M. Mruczkiewicz, and M. Krawczyk, “Spin waves in one-dimensional bicomponent
magnonic quasicrystals”, Phys. Rev. B 92, 054414 (2015).

8 A. Aharoni, “Effect of surface anisotropy on the exchange resonance modes”, J. Appl. Phys. 81, 830
(1997).

87 J. Ramprecht and D. Sjoberg, “Magnetic losses in composite materials™, J. Phys. D — Appl. Phys. 41,
135005 (2008).

8 O. Acher, “Copper vs. iron: Microwave magnetism in the metamaterial age”, J. Magn. Magn. Mater. 321,
2093 (2009), and references therein.

89 M. Kostylev, A. A. Stashkevich, Y. Roussigne, N. A. Grigoryeva, A. A. Mistonov, D. Menzel, N. A.
Sapoletova, K. S. Napolskii, A. A. Eliseev, A. V. Lukashin, S. V. Grigoriev, and S. N. Samarin, “Microwave
properties of Ni-based ferromagnetic inverse opals”, Phys. Rev. B 86, 184431 (2012).

90 O. Dmuytriiev, M. Dvornik, R. V. Mikhaylovskiy, M. Franchin, H. Fangohr, L. Giovannini, F.
Montoncello, D. V. Berkov, E. K. Semenova, N. L. Gorn, A. Prabhakar, and V. V. Kruglyak, “Calculation of
high-frequency permeability of magnonic metamaterials beyond the macrospin approximation”, Phys. Rev. B 86,
104405 (2012).

o M. Mruczkiewicz, M. Krawczyk, R. V. Mikhaylovskiy, and V. V. Kruglyak, “Towards high-frequency
negative permeability using magnonic crystals in metamaterial design”, Phys. Rev. B 86, 024425 (2012).

92 G. Z. Chai, X. H. Wang, M. S. Si, and D. S. Xue, “Adjustable microwave permeability of nanorings: A
micromagnetic investigation”, Phys. Lett. A 377, 1491 (2013).

9 M. Pardavi-Horvath, “Interaction effects in magnetic nanostructures”, Physica Status Solidi A 211, 1030
(2014), and references therein.

o4 G. T. Rado and J. R. Weertman, “Spin-wave resonance in a ferromagnetic metal”, J. Phys. Chem. Solids
11, 315 (1959).

% F. Hoffmann, A. Stankoff, and H. Pascard, “Evidence for an exchange coupling at the interface between

two ferromagnetic films”, J. Appl. Phys. 41, 1022 (1970).

18



Page 19 of 21 AUTHOR SUBMITTED MANUSCRIPT - JPhysD-111128.R1

©CoO~NOUTA,WNPE

% F. Hoffmann, “Dynamic pinning induced by nickel layers on permalloy films”, Physica Status Solidi B 41,
807 (1970).

o7 V. A. Ignatchenko, “Boundary-conditions for magnetic and magnetoelastic systems”, Fizika Metallov i
Metallovedenie 36, 1219 (1973).

% J. Barnas, “On the Hoffmann boundary conditions at the interface between two ferromagnets”, J. Magn.
Magn. Mater. 102, 319 (1991).

9 J. F. Cochran and B. Heinrich, “Boundary conditions for exchange-coupled magnetic slabs”, Phys. Rev.

B 45, 13096 (1992).

100 D. L. Mills, “Spin waves in ultrathin exchange-coupled ferromagnetic multilayers: The boundary
conditions at the interface”, Phys. Rev. B 45, 13100 (1992).

101 K. Y. Guslienko, S. O. Demokritov, B. Hillebrands, and A. N. Slavin, “Effective dipolar boundary
conditions for dynamic magnetization in thin magnetic stripes”, Phys. Rev. B 66, 132402 (2002).

102 K. Y. Guslienko and A. N. Slavin, “Boundary conditions for magnetization in magnetic nanoelements”,
Phys. Rev. B 72, 014463 (2005).
103 H. T. Nguyen, T. M. Nguyen, and M. G. Cottam, “Dipole-exchange spin waves in ferromagnetic stripes

with inhomogeneous magnetization”, Phys. Rev. B 76, 134413 (2007).

104 V. L. Zhang, H. S. Lim, C. S. Lin, Z. K. Wang, S. C. Ng, M. H. Kuok, S. Jain, A. O. Adeyeye, and M. G.
Cottam, “Ferromagnetic and antiferromagnetic spin-wave dispersions in a dipole-exchange coupled bi-
component magnonic crystal”, Appl. Phys. Lett. 99, 143118 (2011).

105 C.S. Lin, H. S. Lim, V. L. Zhang, Z. K. Wang, S. C. Ng, M. H. Kuok, M. G. Cottam, S. Jain, and A. O.
Adeyeye, “Interfacial magnetization dynamics of a bi-component magnonic crystal comprising contacting
ferromagnetic nanostripes”, J. Appl. Phys. 111, 033920 (2012).

106 V. V. Kruglyak, O. Y. Gorobets, Y. I Gorobets, and A. N. Kuchko, “Magnetization boundary conditions
at a ferromagnetic interface of finite thickness”, J. Phys.: Condens. Matter 26, 406001 (2014).

107 D. Schwenk, F. Fishman, and F. Schwabl, “Ferromagnetics multilayers — statics and dynamics”,
Phys. Rev. B 38, 11618 (1988).
108 V. A. Ignatchenko, Y. I. Mankov, and A. A. Maradudin, “Wave spectrum of multilayers with finite

thicknesses of interfaces”, Phys. Rev. B 62, 2181 (2000).

109 V. S. Tkachenko, V. V. Kruglyak, and A. N. Kuchko, “Spectrum and reflection of spin waves in magnonic
crystals with different interface profiles”, Phys. Rev. B 81, 024425 (2010).

110 Q. Wang, H. W. Zhang, G. K. Ma, X. L. Tang, Y. L. Liao, and Z. Y. Zhong, “Magnonic band gaps in two-
dimension magnonic crystals with diffuse interfaces”, J. Appl. Phys. 115, 113904 (2014).

11 V. V. Kruglyak and A. N. Kuchko, “Spectrum of spin waves propagating in a periodic magnetic
structure”, Physica B 339, 130 (2003).

112 V. V. Kruglyak, A. N. Kuchko, and V. 1. Finokhin, “Spin-wave spectrum of an ideal multilayer magnet
upon modulation of all parameters of the Landau-Lifshitz equation”, Phys. Solid State 46, 867 (2004).

113 V. V. Kruglyak, M. L. Sokolovskii, V. S. Tkachenko, and A. N. Kuchko, “Spin-wave spectrum of a
magnonic crystal with an isolated defect”, J. Appl. Phys. 99, 08C906 (2006).

14 V. S. Tkachenko, A. N. Kuchko M. Dvornik, and V. V. Kruglyak, “Propagation and scattering of spin
waves in curved magnonic waveguides”, Appl. Phys. Lett. 101, 152402 (2012).
15 A. I. Akhiezer, V. G. Bar’yakhtar, and S. V. Peletminskii, “Spin waves*“ (North-Holland, Amsterdam,
1968).
116 T. M. Vasilevskaya and D. 1. Sementsov, “Spin-wave resonance in a tangentially magnetized thin film «,
Phys. Sol. State 49, 1913 (2007).
17 C. Wu, A. N. Khalfan, C. Pettiford, N. X. Sun, S. Greenbaum, and Y. H. Ren, “Ferromagnetic resonance
studies of surface and bulk spin-wave modes in a CoFe/PtMn/CoFe multilayer film*, J. Appl. Phys. 103, 07B525
(2008).
118 Y. H. Ren, C. Wu, Y. Gong, C. Pettiford, and N. X. Sun, “Magnetic anisotropy and spin wave relaxation
in CoFe/PtMn/CoFe trilayer films®, J. Appl. Phys. 105, 073910 (2009).
119 J. W. Klos, D. Kumar, J. Romero-Vivas, H. Fangohr, M. Franchin, M Krawczyk, and A. Barman, “Effect
of magnetization pinning on the spectrum of spin waves in magnonic antidot waveguides, Phys. Rev. B 86,
184433 (2012).

19



©CoO~NOUTA,WNPE

AUTHOR SUBMITTED MANUSCRIPT - JPhysD-111128.R1 Page 20 of 21

120 Y. Zhou, H. J. Jiao, Y. T. Chen, G. E. W. Bauer, and J. Xiao, “Current-induced spin-wave excitation in
Pt/YIG bilayer, Phys. Rev. B 88, 184403 (2013).

121 H. Skarsvag, A. Kapelrud, and A. Brataas, “Spin waves in ferromagnetic insulators coupled via a normal
metal, Phys. Rev. B 90, 094418 (2014).

122 P. Gruszecki, Y. S. Dadoenkova, N. N. Dadoenkova, I. L. Lyubchanskii, J. Romero-Vivas, K. Y.
Guslienko, and M. Krawczyk, “Influence of magnetic surface anisotropy on spin wave reflection from the edge of
ferromagnetic film*, Phys. Rev. B 92, 054427 (2015).

123 P. Balaz and J. Barnas$, “Spin waves in exchange-coupled double layers in the presence of spin torques*,
Phys. Rev. B 91, 104415 (2015).

124 V. V. Kruglyak and A. N. Kuchko, “Effect of the modulation of magnetic viscosity on the damping of spin
waves in multilayer magnetic systems”, Phys. Met. Metallogr. 92, 211 (2001).

125 A. Vansteenkiste, J. Leliaert, M. Dvornik, M. Helsen, F. Garcia-Sanchez, and B. Van Waeyenberge, “The
design and verification of MuMax3”, AIP Adv. 4, 107133 (2014).

126 A. A. Abrikosov, “Fundamentals of the Theory of Metals* (North-Holland, Amsterdam, 1988).

127 R. W. Damon and J. R. Eshbach, “Magnetostatic modes of a ferromagnetic slab”, J. Phys. Chem. Solids

19, 308 (1961).

128 X. J. Xing, D. Zhang, and S. W. Li, “Edge-state-dependent tunneling of dipole-exchange spin waves in
submicrometer magnetic strips with an air gap”, Nanotechnol. 23, 495202 (2012).

129 G. Gubbiotti, P. Malago, S. Fin, S. Tacchi, L. Giovannini, D. Bisero, M. Madami, G. Carlotti, J. Ding, A.
O. Adeyeye, and R. Zivieri, “Magnetic normal modes of bicomponent permalloy/cobalt structures in the parallel
and antiparallel ground state”, Phys. Rev. B 90, 024419 (2014).

130 P. Malago, L. Giovannini, R. Zivieri, P. Gruszecki, and M. Krawczyk, M, “Spin-wave dynamics in
permalloy/cobalt magnonic crystals in the presence of a nonmagnetic spacer”, Phys. Rev. B 92, 064416 (2015).
181 I. Dzyaloshinsky, “A thermodynamic theory of weak ferromagnetism of antiferromagnetics”, J. Phys.
Chem. Solids 4, 241 (1958).

182 T. Moriya, “Anisotropic superexchange interaction and weak ferromagnetism”, Phys. Rev. 120, 91 (1960).
183 L.F. Zhang, J. Ren, J. S. Wang, and B. W. Li, “Topological magnon insulator in insulating ferromagnet”,
Phys. Rev. B 87, 144101 (2013).

134 M. Mruczkiewicz and M. Krawczyk, “Influence of the Dzyaloshinskii-Moriya interaction on the FMR
spectrum of magnonic crystals and confined structures”, Phys. Rev. B 94, 024434 (2016).

135 X. G. Wang, G. H. Guo, Z. X. Li, D. W. Wang, Y. Z. Nie, and W. Tang, “Spin-wave propagation in
domain wall magnonic crystal”, EPL 109, 37008 (2015).

136 V. N. Krivoruchko, “Spin waves damping in nanometre-scale magnetic materials (Review Article)”, Low
Temper. Phys. 41, 670 (2015), and references therein.

187 V. V. Kruglyak and A. N. Kuchko, “Effect of the intralayer inhomogeneity in the distribution of the

parameter of magnetic damping on the propagation of spin waves in multilayers”, Phys. Met. Metallogr. 93, 511
(2002).

138 M. A. W. Schoen, D. Thonig, M. L. Schneider, T. J. Silva, H. T. Nembach, O. Eriksson, O. Karis, and J.
M. Shaw, “Ultra-low magnetic damping of a metallic ferromagnet”, Nature Phys. 12, 839 (2016).

139 L. C. Parsons, “Influence of spin wave attenuation on a ferromagnetic nanowire-based magnonic Bragg
mirror”, http://dx.doi.org/10.1016/j.jmmm.2016.10.080.

140 H. M. Yu, O. D. Kelly, V. Cros, R. Bernard, P. Bortolotti, A. Anane, F. Brandl, F. Heimbach, and D.
Grundler, “Approaching soft X-ray wavelengths in nanomagnet-based microwave technology”, Nature Comm. 7,
11255 (2016).

1 C. S. Davies and V. V. Kruglyak, “Graded-index magnonics”, Low Temper. Phys. 41, 760 (2015), and
references therein.

142 Y. I. Gorobets, A. E. Zyubanov, A. N. Kuchko, and K. D. Shedzhuri, “Spin-wave spectrum in magnets
with a periodically modulated anisotropy”, Fiz. Tverd. Tela (St. Petersburg) 34, 1486 (1992).

143 L. H. Bai, M. Kohda, and J. Nitta, “Observation of spin wave modes depending on a tunable periodic
magnetic field”, Appl. Phys. Lett. 98, 172508 (2011).

20


http://dx.doi.org/10.1016/j.jmmm.2016.10.080

Page 21 of 21 AUTHOR SUBMITTED MANUSCRIPT - JPhysD-111128.R1

©CoO~NOUTA,WNPE

144 A. V. Chumak, A. D. Karenowska, A. A. Serga, and B. Hillebrands, “The dynamic magnonic crystal: New
horizons in artificial crystal based signal processing”, Top. Appl. Phys. 125, 243 (2013), and references therein.

145 G. Duerr, R. Huber, and D. Grundler, “Enhanced functionality in magnonics by domain walls and
inhomogeneous spin configurations”, J. Phys. Condens. Matter 24, 024218 (2012).

146 X. J. Xing, Q. L. Jin, and S. W. Li, “Frequency-selective manipulation of spin waves: micromagnetic
texture as amplitude valve and mode modulator”, New J. Phys. 17, 023020 (2015).

147 A.Y. Galkin, B. A. Ivanov, and C. E. Zaspel, “Collective modes for an array of magnetic dots in the vortex
state”, Phys. Rev. B 74, 144419 (2006).

148 F. Montoncello and L. Giovannini, “Vortex mode dynamics and bandwidth tunability in a two-dimensional
array of interacting magnetic disks”, Appl. Phys. Lett. 100, 182406 (2012).

149 M. Haenze, C. F. Adolf, B. Schulte, J. Moller, M. Weigand, and G. Meier, “Collective modes in three-
dimensional magnonic vortex crystals”, Sci. Rep. 6, 22402 (2016).

150 F. S. Ma, Y. Zhou, H. B. Braun, and W. S. Lew, “Skyrmion-Based Dynamic Magnonic Crystal”, Nano
Lett. 15, 4029 (2015).

151 R. Streubel, P. Fischer, F. Kronast, V. P. Kravchuk, D. D. Sheka, Y. Gaididei, O. G. Schmidt, and D.
Makarov, “Magnetism in curved geometries”, J. Phys. D - Appl. Phys. 49, 363001 (2016).

152 A. E. Miroshnichenko, S. Flach, and Y. S. Kivshar, “Fano resonances in nanoscale structures”, Rev. Mod.
Phys. 82, 2257 (2010).

158 Y. Au, E. Ahmad, O. Dmytriiev, M. Dvornik, T. Davison, and V. V. Kruglyak, “Resonant microwave-to-
spin-wave transducer”, Appl. Phys. Lett. 100, 182404 (2012).

154 Y. Au, M. Dvornik, O. Dmytriiev, and V. V. Kruglyak, “Nanoscale spin wave valve and phase shifter”,
Appl. Phys. Lett. 100, 172408 (2012).

155 H. M. Yu, G. Duerr, R. Huber, M. Bahr, T. Schwarze, F. Brandl, and D. Grundler, “Omnidirectional spin-
wave nanograting coupler”, Nature Comm. 4, 2702 (2013).

156 J. Ding, M. Kostylev, and A. O. Adeyeye, “Magnonic crystal as a medium with tunable disorder on a
periodical lattice”, Phys. Rev. Lett. 107, 047205 (2011).

157 J. Ding, M. Kostylev, and A. O. Adeyeye, “Realization of a mesoscopic reprogrammable magnetic logic
based on a nanoscale reconfigurable magnonic crystal”, Appl. Phys. Lett. 100, 073114 (2012).

158 M. Krawczyk and D. Grundler, “Review and prospects of magnonic crystals and devices with
reprogrammable band structure”, J. Phys. Condens. Matter 26, 123202 (2014), and references therein.

159 M. Mruczkiewicz and M. Krawczyk, “Nonreciprocal dispersion of spin waves in ferromagnetic thin films
covered with a finite-conductivity metal”, J. Appl. Phys. 115, 113909 (2014).

160 M. Mruczkiewicz, E. S. Pavlov, S. L. Vysotsky, M. Krawczyk, Y. A. Filimonov, and S. A. Nikitov,
“Observation of magnonic band gaps in magnonic crystals with nonreciprocal dispersion relation”, Phys. Rev. B
90, 174416 (2014).

21



