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Abstract. The possibility of solving the problem of overcoming
the diffraction limit in anisotropic media is discussed. Experi-
mentally and theoretically demonstrated the occurrence of the
superresolution effect, in which a distinct shadow from a point
object is observed at distances much larger than the values
obtained from the Rayleigh resolvability criterion. In particu-
lar, on the example of diffraction of spin waves with wavelength
/., the possibility of a distinct shadow from a through-hole in a
ferrite film with diameter d < A at a distance L > 4 has been
proved. It is established that super-directional wave propagation
and super-resolving shadow from the object arise in the direction
of the normal to the isofrequency dependence of the wave at the
inflection point. The criterion of resolvability is formulated,
which makes it possible to carry out evaluation calculations for
waves in anisotropic media and confirms the possibility of super-
directional and superresolution effects in them.
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1. Introduction

In optics, the possibility of overcoming the diffraction limit
(i.e., the ability to observe objects whose dimensions are much
smaller than the wavelength of light) has been a frequent
subject of scientific discussion since the invention of the
microscope and telescope in the 17th century. Apparently,
the theory of resolving power for optical instruments,
proposed by J.W. Rayleigh in 1879 on the basis of his well-
known criterion, should have settled these debates. However,
at the beginning of the 21st century, new studies dedicated to
overcoming the diffraction limit are began. The intensifica-
tion of this research was driven both by advances in
fluorescence microscopy techniques (see, e.g., [1-3]) and by
investigations into the properties of metamaterials [4, 5], in
connection with the interest to the so-called ‘Veselago super-
lens.” Such a lens could be realized using a medium with
simultaneously negative permittivity ¢ and permeability u [6]
and could make it possible to overcome the diffraction limit.
However, as it turned out, superresolution effects achieved
with the Veselago superlens are provided by the near-field
electromagnetic component, which does not propagate to
large distances because of the rapid decay of its amplitude.
Consequently, superresolution effects can be observed only
near the lens itself at distances of the order of the wavelength.

Recently, researchers studying waves propagating in
continuous anisotropic media have also joined the effort to
overcome the diffraction limit. In addition to negative
refraction—which can also be achieved with metamater-
ials—such physical effects as nonreciprocal and unidirec-
tional propagation of waves, the appearance of two (several)
reflected or refracted rays, negative reflection, absence of
reflection, etc. have been discovered in these media [7].
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Furthermore, based on studies of spin wave (SW) diffraction,
super-directional propagation of these waves was predicted
[8-10] and subsequently observed experimentally [11-13].

The first studies devoted to spin wave diffraction were
published back in the 1980s [14-17]. In particular, Ref. [16]
reported that if the length of the transducer exciting a surface
SW is on the order of the spin wavelength, a noticeable
concentration of wave energy occurs near certain directions
as the wave propagates. Since, at that time, it was not possible
to measure these directions with sufficient accuracy, the
authors of Ref. [16] concluded that these directions corre-
sponded to the cutoff angles! of the group velocity vector.
Approximately 20 years later, Ref. [18] presented calculations
of the response from a point source of harmonic oscillations
for backward volume SWs. Based on these calculations, the
authors of Ref. [18] concluded that the energy of excited
magnons should focus along the normals drawn at the
inflection points of the isofrequency dependence.? In Ref.
[19],3 the incidence of a surface SW on a hole in a ferrite film
was studied, and the characteristics of secondary SWs—
excited by the hole—were investigated. The authors of
Ref. [19] also noted that the energy of SWs scattered by the
hole becomes localized along specific directions. Slightly
earlier, Ref. [8] provided an analytical solution of the two-
dimensional problem devoted to the study of diffraction
divergence of SW beam (wave packet) with a limited width
and noncollinear mutual orientation of the wave vector kg
and the group velocity vector V. Subsequently, Refs [8-10]
demonstrated that the angular width of a diffracted beam
excited by a thin linear transducer or a slit in an opaque screen
depends not only on the ratio of the SW wavelength 4 to the
exciter size D (as in isotropic media) but also on the curvature
of the SW isofrequency dependence at the point correspond-
ing to the wave vector. As a result, for the case D > 4, a
formula was derived describing the angular diffraction
divergence (angular width) of the beam as a function of the
parameters of the incident SW, the anisotropic medium, and
the exciter. Moreover, it was shown that this formula can be
used to calculate the angular beam width for other types of
SWs and for waves of different nature in various anisotropic
media and structures [8]. It was established that the angular
width of a diffracted beam in anisotropic media can be not
only larger or smaller than Jo/D but can even vanish. As it
turned out, beams whose wave vector directed toward the
inflection point of the wave’s isofrequency dependence
exhibit zero angular width. Physically, this means that
super-directional wave propagation is possible in anisotropic
media, wherein the beam does not broaden during propaga-
tion and maintains a constant width.

Subsequent experiments [11, 12] confirmed the predic-
tions of the theoretical works [8—10], including the realization
of super-directional propagation for both surface and back-
ward volume spin waves in a ferrite slab. Consequently, Refs
[8—12] significantly increased interest in studying diffraction
phenomena in anisotropic media, since a successful over-
coming the diffraction limit would make it possible to
significantly improve the characteristics of a number of
recently developed devices in acoustics, optics, and magno-
nics (see, e.g., Refs [20-26]). Thus, the publication of Refs [8—
12, 18, 19] stimulated new research on narrowly directed and

! This term is explained in Section 4.
2 This term is explained and discussed in detail in Section 4 of Ref. [7].
3 The results of this work are discussed in more detail in Section 6.

super-directional SW beams in various structures [27-30],
including magnonic crystals [31, 32].

In the present work, we demonstrate that diffraction of
waves in anisotropic media can give rise to superresolution
effects— where the angular resolution from the observed
shadow of an object is many times smaller than that
predicted by the Rayleigh resolution criterion—and we
formulate the condition under which such effects occur. In
particular, using spin wave diffraction with wavelength / as
an example, we experimentally and theoretically demonstrate
the formation of a distinct shadow from a point-like object (a
through hole in a ferrite film) with dimensions d ~ / and
d < Zatadistance L > /.

2. Fundamental relations describing
spin wave propagation
in a tangentially magnetized ferrite slab

The existence of spin waves in ferromagnets was first
predicted theoretically by F. Bloch in 1930 [33]. Spin waves
are electromagnetic in nature and represent oscillations of
atomic magnetic moments that transmitte from atom to atom
in magnetically ordered crystals [34]. In the 1960s—1970s,
monocrystalline ferrite films— particularly yttrium iron
garnet (YIG) films—began to be grown by liquid-phase
epitaxy. This advancement made it possible to substantially
reduce propagation losses of spin waves (SWs) in such films
and led to a significant increase in both experimental and
theoretical studies of SWs in these films and in various plane-
parallel structures based on them.

In 1961, a theoretical study [35] devoted to the character-
istics of SWs in a tangentially magnetized ferrite slab (Fig. 1a)
was published. In Ref. [35], when describing SWs, it was
proposed to neglect terms containing the factor w/c¢ in
Maxwell’s equations (i.e., to use the magnetostatic equa-
tions), since the SW wavenumber k > ko = w/c (where o is
the angular frequency of the SW and c is the speed of light).
Using this method for SWs with wavenumbers
ko <k <10° cm™! (for which exchange interaction can be
neglected) the simple dispersion relation for SWs propagating
in the plane of the ferrite slab was obtained [35, 36]:

V2 — k2, — u2kd, — 2pikpckoccth (ko s) = 0, (1)

where s is the thickness of slab 2 (see Fig. 1a); kov = /k2 + k2 /n
and ki.=,/k?+k? are wavenumbers determining the SW
distribution across the slab thickness and in the surround-
ing half-spaces / and 3; k, and k. are components of the
wave vector k; u= l+oyou(owd—w?)' and v=
opo(wl — »?) " are the diagonal and off-diagonal compo-
nents of the ferrite permeability tensor (see, e.g., [36]);
wy = yHy, om = 4nyMy, o = 2nf, f is the SW frequency,
yis the gyromagnetic ratio, 4t M is the saturation magnetiza-
tion of the ferrite, and Hj is the magnitude of the external
tangential uniform magnetic field (Fig. la). Dispersion
relation (1) describes a single-mode surface SW whose
distribution across the ferrite thickness is described by
exponential functions. However, since the quantity u can be
negative over a certain frequency range, the wavenumber ks,
in this range may become imaginary. In this case, the SW
dispersion relation takes the form

vk} — ki 4 wlks, — 2 pkickoy ctg (kax s) =0, (2)
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Figure 1. Tangentially magnetized ferrite slab 2 surrounded by vacuum
half-spaces / and 3 (a) and the dispersion surface of a surface SW (b),
calculated on the basis of Eqn (1) for this geometry for Hy = 485 Oe,
4nMy = 1750.5 G, and s = 16.56 um for k,, > 0.

and describes a multimode volume SW whose distribution
across the ferrite thickness is described by trigonometric
functions.

Because Eqns (1) and (2) were derived within the
magnetostatic approximation, the SWs described by these
equations are often referred to as magnetostatic waves.* The
dispersion surfaces and dispersion relations for surface and
volume SWs in a free ferrite film are discussed in detail and
presented in Ref. [35].

Since the experiments and calculations described below
were performed for a surface SW in a certain ferrite film, we
consider in more detail the characteristics of this wave for
Hy =485 Oc¢ in a YIG film with thickness s = 16.56 pm and
saturation magnetization 4nMy = 1750.5 G. The SW disper-
sion surface calculated from Eqn (1) for k, > 0 is shown in
Fig. 1b (for clarity, Fig. 1b does not display the part of the
dispersion surface for k,, < 0, which is mirror-symmetric to the
shown surface with respect to the plane passing through the f
and k. axes). As is well known [35], a surface SW exists in the
frequency range f| <f<fmax, Where f| =7 (H02—|—475M0H0)1/2
and frax =7 (Ho + 2nM) are the lower and upper frequencies
of the wave spectrum, respectively; for the chosen parameters,
f1=2918 MHz and f,.x = 3812 MHz (see Fig. 1b). Below, we
will present additional characteristics of the surface SW, in
particular, calculated isofrequency dependencies, which repre-
sent cross-sections of the dispersion surface by planes perpen-
dicular to the frequency axis (i.e., each isofrequency depen-
dence corresponds to a fixed frequency value f'= const).

4We note here that an exact description of SWs based on Maxwell’s
equations (without using the magnetostatic approximation) was recently
obtained in Ref. [37]. However, below we will not use the results obtained
in this work, since, firstly, for the waves studied below, the relation k > k
was always satisfied and, secondly, the exact dispersion equation for the
surface SW is mathematically much more complex.

3. Methods for obtaining visualized patterns
of spin waves: the probing method
and micromagnetic simulation

In the 1980s—1990s, the spatial distribution of SW amplitude
(or the wave beam profile) was measured using a probe—a
small metallic loop with dimensions of ~ 0.5 mm, with was
uniformly moved over the ferrite film surface along certain
fixed values of one of the coordinates [14, 15, 38, 39]. Based on
this measurement method, a probing method was developed
in the 2010s: while the aforementioned studies measured only
the SW amplitude, the Ref. [40] was the first study where a
visualized pattern describing the distribution of the complex
SW amplitude (i.e., both amplitude and phase) in the plane of
the ferrite film (see below for details) was obtained. In
addition to the probing method, there is another method
that allows one to measure the distribution of the amplitude
and phase of the SW in the plane of the studied films (or
structures) —the Mandelstam—Brillouin light scattering
(BLS) method (see, e.g., [41-44]). Subsequently, both meth-
ods became widely used in the study of SW, and a number of
works presented visualized patterns of SW characteristics
obtained using either the BLS method (see, e.g., [13, 19, 44—
47)) or the probing method [11, 12, 40, 48, 49].

Briefly comparing these two methods, it should be noted
that although the BLS method allows one to obtain an accuracy
of the order of the optical wavelength when measuring SW
distributions in the plane of ferrite films (see, e.g., [13, 19, 44—
47)), this method allows one to obtain SW distribution patterns
only over a small area— typically less than ~ 20 mm? (with an
increase of the study area, the time required to carry out
measurements increases significantly, which makes such experi-
ments practically unrealistic). This limitation arises because the
BLS method imposes stringent requirements on the direction
and homogeneity of the magnetic field: during measurement,
the sample under study (the ferrite slab) is moved, while the
laser beam is focused by the lens onto the surface of the sample
and remains stationary. Moreover, to obtain the SW phase
distribution patterns, it is necessary to include a light phase
modulator into the optical path [46, 47], which, as a rule, has a
rather narrow operational frequency range, much smaller than
the spectral width of the SWs under investigation.

At the same time, although the probing method has lower
spatial resolution (determined by the probe aperture of
~ (.25 mm), it enables one to measure the distribution
patterns of SW in a wide frequency range over a film area of
up to ~ 40 cn? (see, e.g., [11, 12, 48]) in a few hours, that is, to
obtain diffraction patterns for SW with different frequencies
simultaneously. As will become clear from the subsequent
discussion, the use of this method enabled us to accomplish all
intended purposes: to measure the distribution of the amplitude
and phase of the SW and to obtain visualized patterns
describing SW diffraction over a sufficiently large area of the
ferrite film.

Because the probing method is constantly being improved
to solve new experimental problems, we will briefly describe
below the history of its development and specific features of
its application in the studies of SW diffraction. The SW
probing method evolved gradually from the ‘moving trans-
ducer method,” which was employed in the 1970s-1990s to
measure SW characteristics. In that approach, the receiving
transducer was moved along the surface of the ferrite film
either perpendicular to the wave path to measure the beam
profile [14, 15, 38, 39] or along the wave path to measure the
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Figure 2. Scheme of experimental setup.

SW phase shift corresponding to the transducer displace-
ment, in order to determine the wavenumber at a fixed
frequency (see, e.g., [50, 51]).

Currently, in the experimental setup schematically shown
in Fig. 2, the microwave probe is used as a receiving element
(converting SW energy into a microwave signal). This probe is
a trapezoid-shaped loop of thin, gold-plated tungsten wire.
The base of the trapezoid (i.e., the distance between its
grounding point and the place where it is soldered to the
supply microstrip line) is ~ 0.8 mm, while the segment of the
loop contacting with the film surface has an aperture of
~ 0.25 mm. Both the probe and the excitation transducer are
equipped with position sensors and could rotate around an
axis normal to the ferrite film plane and move over the film
surface along the y and z axes by means of special mechanisms.

The pattern describing the distribution of the complex
amplitude A of the microwave transmission coefficient
between the transducers was measured for a fixed position
of the excitation transducer. The measurements were per-
formed as follows: for a series of y-coordinate values, the
probe was continuously moved across the ferrite surface
along the z-axis with simultaneous digitization of the
instantaneous values of the z-coordinate and the amplitude
A [40]. Since it is the SW that carries the microwave signal
through the ferrite slab, then, in fact, the value A4 corresponds
to the complex amplitude of the SW at the place of the film
where the probe is positioned. Consequently, by processing
the experimental data coming from the probe position sensors
and the vector network analyzer on a computer, one can
obtain normalized visualized maps of the complex amplitude
A distribution at a fixed frequency over the probed region
(see, e.g., the patterns presented in[11, 12]). It should be noted
that because the complex amplitude 4 varies periodically
along the film surface, the distribution pattern of its real or
imaginary part corresponds quite well to the change of SW
phase in the studied spatial region of the ferrite film.

In the YIG film used, which has a diameter of 76 mm, a
through-hole of diameter d = 250 um was fabricated using a
laser (see Fig. 2). The parameters of this film, determined
experimentally by the approximation of SW characteristics
(this method is described in more detail in [52, 53]), are given
in the previous section. The YIG film was placed in an
external tangential uniform magnetic field of magnitude
Hy = 485 Oe. Surface SW beams were excited by a gold-
plated wire linear transducer with length D =5 mm and
thickness 15 pum; the orientation of the excitation transducer

could be fixed at various angles relative to the vector Hy to
implement different experimental geometries. We note that
with this excitation method, the transducer can be approxi-
mately considered in-phase (see §9 in [8]), and the orienta-
tions of the wave vectors of the excited SWs can be considered
normal to the transducer line.

The experimental setup made it possible to obtain
visualized maps of the complex amplitude 4 distribution for
SWs simultaneously (i.e., during a single pass of the probe
over the film surface) over a broad frequency range. For this
purpose, a fast sawtooth frequency sweep of the vector
network analyzer was performed over a frequency interval
Joegin < f < fend While the probe moved comparatively slowly
over the film surface (along the z-axis), such that the probe
displacement during one period of the sawtooth frequency
sweep was sufficiently small. Thus, as a result of the probing,
the distribution of the complex amplitude A4 (y,z, ) was
measured as a function of coordinates y, z, and frequency f
in the film plane; after computer processing of the data,
visualized patterns describing the amplitude and phase
distribution of SWs in the film plane were obtained.

We note that because SW beams can propagate over
distances of tens of millimeters under certain conditions [11,
12], the experimental setup employed a magnetic system (not
shown in Fig. 2) that substantially increased the spatial region
with high homogeneity of the static magnetic field Hy. Due to
this system, described in detail in [54], the difference of Hj
values did not exceed 0.2% for a ferrite film surface area of
~ 50 mm in diameter.

For numerical calculations of two-dimensional SW diffrac-
tion patterns (i.e., patterns of SW amplitude distribution and
averaged microwave magnetization in the ferrite film plane), a
micromagnetic simulation technique was developed based on
the MUMAX? software package, as described in detail in [45,
55]. Similar methods for calculating analogous two-dimen-
sional patterns began to be used when modern computers and
software became available in the early 21st century (see, e.g.,
[19, 56]). In the micromagnetic simulation method, the
distribution of SW amplitude and intensity in the ferrite film
plane was calculated by numerically integrating the Landau—
Lifshitz equation with a dissipative term in the Gilbert form. In
the calculations, the SW damping parameter was set to
o = 0.005. To avoid artifacts from waves reflected off the
boundaries of the computational domain, absorbing bound-
ary layers with a smoothly increasing damping coefficient o up
to o« =1 (corresponding to maximum dissipation) were
attached to these boundaries. We also note that the elemen-
tary simulation cell area was typically set to 20 nm?; however,
when necessary — depending on calculation requirements and
to optimize computation time— this value could be increased.

The developed calculation approach can be applied to
study the distribution of SW amplitude and microwave
magnetization inside the ferrite layer for various propaga-
tion or diffraction geometries of any SW type with arbitrary
parameters. That is, the calculations can yield a two-
dimensional pattern describing the propagation or diffrac-
tion of any type of SW in the plane of a ferrite film (or two-
dimensional structure) at various local inhomogeneities
present in that film (structure).

The selection of geometries and other parameters for
which measurements and numerical calculations of diffrac-
tion patterns were performed will be discussed in the next
section, in the process of calculating and analyzing SW
isofrequency dependencies based on dispersion relation (1).
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4. Preliminary calculations, terminology,
and some information on wave propagation
and diffraction in anisotropic media

First, let’s discuss the terminology that will be used below.

Earlier, in Ref. [8], it was shown theoretically that the
angular width of a wave beam (or ray) in anisotropic media
can be not only larger or smaller than the value 1g/D (where
Ao is the wavelength and D is the aperture size of the
exciter) — which determines the beam angular width accord-
ing to the Rayleigh resolution criterion — but, under certain
conditions, the angular beam width can even be zero. In
fact, this means that the beam does not broaden during
propagation and maintains a constant width [8]. This new
unique physical phenomenon was experimentally discovered
shortly thereafter in Refs [11, 12], where it was termed super-
directional wave propagation, and the nonbroadening beams
of such a wave were called as super-directional beams. These
terms were chosen deliberately. Unlike the term super-
directive antenna (see, e.g., [57], p. 244), which denotes an
antenna device designed to generate a very narrow (super-
directive) radiation pattern,’ super-directional wave propa-
gation does not require a specially shaped radiating element:®
such wave propagation in a medium that is anisotropic with
respect to a given wave occurs naturally if the orientation of
the beam’s wave vector corresponds to the inflection point of
the isofrequency dependence (see below and Refs [8, 11, 12]
for details). The super-directional wave propagation can be
compared to the phenomenon of collimation created by
nature itself in an anisotropic medium under certain
conditions.

It should be noted that earlier, in Ref. [18], the directions
of ‘magnon focusing’ (the authors’ term) in a YIG film were
theoretically found on the base of calculations of the response
arising in the medium at a considerable distance from a point
source of harmonic oscillations. The authors calculated that
the energy of excited magnons would focus along ‘caustics’’
(the authors’ term), which are parallel to the normals drawn
at the inflection points of the ‘slowness surface’.® We note,
however, that in Ref. [18] the diffraction of SW was not
investigated and no answers were given to the questions of
what would occur if the oscillation source were not point-like,
and how the width of the beam propagating in an anisotropic
medium in other directions (that do not coincide with the

> We note here that such a device is hypothetical and practically unrealiz-
able (see [57], p. 244).

©We especially notice attention of the readers to this point, as some works
(see, e.g., [29]) cite Ref. [11] in the context that “antennas ensuring the
formation of focused or narrowly directed wave beams” were used to
excite SWs in [11]. This is not the case: in Ref. [11] there was used a
conventional linear transducer that did not have focusing properties, and
the narrowly directed wave beam arose in the YIG film naturally due to
the super-directional propagation of the wave.

7 For the definition and explanation of the term ‘caustic,” see, e.g., p. 247 in
[58] and the literature cited therein. In particular, in optics, this term refers
to a phenomenon wherein light rays, upon refraction or reflection from
curvilinear surfaces (water, glass), become concentrated and create bright
light patterns, lines, and spots. Thus there is appeared a region of ray
intersection where light intensity sharply increases (e.g., sunlight glints at
the bottom of a swimming pool, patterns from light passing through a
water-filled glass, rainbows, etc.). In our work, the term ‘caustic,” as used
in Refs [18, 19, 27-30], corresponds to the directions of super-directional
wave propagation.

8 This is the conventional term for the isofrequency dependence of acoustic
waves.

‘caustics’) will change. Answers to these questions were given
alittle later in Refs [8, 11, 12], where the diffraction of a finite-
width SW beam was studied, and it was shown that the
angular width of such a beam depends on both the
wavelength and source dimensions, as well as on the spatial
direction in anisotropic medium. Consequently, the studies
presented in Refs [8, 11, 12] established the physical reason of
‘magnon focusing’ and the ‘appearance of caustics’ described
earlier in [18, 19]: this reason is the anisotropy of the
diffraction properties of the medium.

Thus, it is evident that there is a fundamental distinction
between the term super-directional wave propagation and the
terms listed above: for example ‘focusing’ implies the presence
of a device that focuses the wave, and ‘caustic’ refers to certain
reflecting (or refracting) lines (or surfaces) that sharply
increase wave intensity in a particular region [58]. In
contrast, super-directional wave propagation arises due to
the anisotropy of the medium with respect to the diffraction
properties of the wave, and no focusing, reflecting, or
refracting devices are required for this phenomenon to
occur—it is only necessary that the wave’s isofrequency
dependence has an inflection point (see below for details).
For this reason, Refs [§8, 11, 12] proposed a more adequate,
physically based terminology that corresponds the essence of
the observed phenomena, and which we will use below.

One may expect that, during wave diffraction in an
anisotropic medium where super-directional wave propaga-
tion is possible, another unique physical phenomenon may
arise under certain conditions: the superresolution effect,
wherein a distinct shadow of an object is observed at much
greater distances than is allowed by the Rayleigh resolution
criterion. Since super-directional propagation has previously
been observed for SWs [11, 12], it will apparently be possible
to observe the super-resolution effect during diffraction of
these waves.

To determine the frequencies and wave vectors k at
which super-directional propagation of a surface SW
occurs, the following SW characteristics were calculated
for the YIG film parameters and magnetic field H, listed
above: SW isofrequency dependences (Fig. 3); the depen-
dence of the angle y, which defines the orientation of the
SW group velocity vector V, on the angle ¢ corresponding
to the orientation of the wave vector k (Fig. 4a); and the
dependence of the relative angular width ¢ of the diffracted
beam on the angles ¢ and  (Figs 4b and 5, respectively) for
the case D > A (calculations performed in accordance with
the theory of Ref. [8]).

However, before analyzing the SW characteristics shown
in Figs 3-5, we briefly recall some fundamental laws
concerning wave propagation and diffraction in anisotropic
media.

When describing wave propagation within the framework
of geometric optics, the concept of a ray is commonly used —
a line along which wave energy is transferred. In anisotropic
media, the ray line is always parallel to the group velocity
vector V, while the wave vector k may decline from the ray
line at a certain angle (see, e.g., Fig. 4 in [7]). To find the ray
line and the orientation of vector V, it is necessary to draw the
normal to the wave’s isofrequency dependence at the point
toward which the ray’s wave vector k is directed (see, e.g.,
Fig. 3, as well as Figs 1 and 2 in [7]). As seen in Fig. 3, the

The definition and physical meaning of the quantity ¢ are explained
below.
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Figure 3. Isofrequency dependencies of a surface SW for frequencies 2970
(Iand 1'), 3000 (2 and 2’), and 3030 (3 and 3") MHz. Curves /-3 and 1'-3’
describe waves localized near opposite surfaces of the ferrite film. For
curve / at frequency f; = 2970 MHz, vectors ki, k{,, k{3, kj, and V{|,
Vi,, V{5, Vi,, are shown, corresponding to four super-directional beams of
the surface SW, with their orientations ¢, =44.6°, ¢}, =135.4°,
oy = —135.4°, ¢{, = —44.6°, (these angles correspond to lines 4, 5) and
Vi = =310°, ), = —148.9°, iy = 148.9°, i, = 31.1°, as well as the
mutually collinear vectors ki, and Vi, corresponding to a wave
propagating along the y-axis.

surface SW is characterized by a hyperbola-like isofrequency
dependence, due to which the wave vectors describing wave
propagation can be oriented only within a certain angular
sector (for instance, they cannot be oriented near the k. axisin
Fig. 3). The orientations ¢ corresponding to the boundary
wave vectors (where |k| — oo) are conventionally referred to
as the cutoff angles of the wave vector k, while the
corresponding orientations { of the group velocity vector
are called the cutoff angles of the group velocity vector V (see
§6.3 in [7] for details).

In reality, wave propagation in any medium is more
complex than it seems within the framework of geometric
optics: hypothetical rays correspond to wave beams that
broaden during propagation due to natural diffraction
divergence caused by the finite width of the initial beam. In
particular, the angular beam width!© Ay for SWs (or any
other wave with respect to which the medium is anisotropic) is
given by the formula'! (see §9 in [8])

o | O
Mis =5 |50 (90)] o)

10For an observer located in the far field, any wave source is a point-like,
and the excited wave beams are characterized by an angular width, which
is defined as the difference between the angles corresponding to a
decreasion of the wave amplitude to a level of 0.5 relative to its maximum
value.

' Formula (3), corresponding to formula (32) in Ref. [8], describes the
angular width of a wave beam in the far field region for the case where the
exciter is in-phase or can be approximately considered as such (e.g., when
SW is excited by a linear transducer). If the exciter cannot be considered in-
phase, the quantity Ay is determined by formula (30) in Ref. [8]. Formula
(3) and formulas (30) and (32) from Ref. [8] were derived under the
assumption that D > 4.
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Figure 4. Dependences of the angle i/, which determines the orientation of
the group velocity vector V, on the angle ¢ corresponding the orientation
of the wave vector k (a), and dependences of the relative angular width ¢ of
a diffracted beam on the angle ¢ (b) for frequencies 2970 (), 3000 (2), and
3030 (3) MHz (corresponding to curves /-3 in Fig. 3). Lines ¢}, = —44.6°
(4) and @, = 44.6° (5) are shown.

where D is the length of the exciter (in particular, the length of
the linear transducer exciting the SW), /g is the wavelength of
the excited wave, and 0y /0¢ (¢,) is the curvature of the
isofrequency dependence at the point corresponding to the
wave vector oriented at angle ¢,. In isotropic media, where
the wave’s isofrequency dependence is a circle and the wave
vector k and the corresponding group velocity vector V
(normal to the circle) are always collinear, the dependence
() takes the form 2 4 = ¢, and consequently, the equality
Oy /0¢p = 1is always true. Thus, for isotropic media, expres-
sion (3) turns into the well-known formula

Ao
AlPisotr =

B ) (4)

which corresponds to the Rayleigh resolution criterion and
is commonly used to estimate the angular width of a beam
(of light or any other wave) in isotropic media (see, e.g.,
[59D).

12 The dependences y/(¢) for a surface SW and for other waves in various
anisotropic media have a more complex form (see Figs 2 and 3a in [7]).
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Figure 5. Dependences of the relative angular beam width ¢ on the angle
in polar (a) and Cartesian (b) coordinate systems for SWs at frequencies
2970 (1), 3000 (2), and 3030 (3) MHz (corresponding to curves /-3 in
Fig. 3) and for waves in isotropic media (4), for which ¢ (i) = 1 (in Fig. 5b,
the o(¢) dependences are shown only for the angular range
—40° < < 40°); lines 5-8 correspond to angles 1, = —31.1°,
Yy, =31.1°, y3, = —32.1°, 3, = 32.1°; dependences /-3 are finished at
angles  equal to the cutoff angles.
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Comparing formulas (3) and (4), it is evident that, unlike
in an isotropic medium, the angular beam width Ay, in an
anisotropic medium depends on the direction of wave
propagation (i.e., on the orientation ¢, of the wave vector).
The degree of diffraction divergence of a given beam in an
anisotropic medium is conveniently characterized by the
quantity g, defined as

_ Al//anis _ Al//anis _ ‘al//

0= =|—= )
Alpisotr )‘O/D a(p (¢0)

(5)

Physically, the value ¢ can be called the relative angular
width of the diffracted beam. The value ¢ shows how many
times the angular width Ay, of a beam in an anisotropic
medium is greater or less than the width Ay, of a similar
beam (with the same 4/ D ratio) in an isotropic medium. As
can be seen, o depends on the curvature of the wave’s
isofrequency dependence (at the point to which the wave
vector is directed). Since for isotropic media the equality
0y /0¢p = 1isalways true, it follows from (5) that gisorr = 1 for
such media (see Fig. 5). Therefore, in order to estimate the
degree of diffraction divergence of a beam in an anisotropic
medium, one should compare the calculated value ¢ with
unity: when ¢ turns out to be smaller (greater) than unity, this
signifies that beam’s diffraction divergence is smaller (greater)
than in isotropic media (Fig. 5).

According to formula (5), a situation may arise in
anisotropic media where ¢ = 0, i.e., when the orientation ¢
of the beam’s wave vector corresponds to an inflection point of
the isofrequency dependence, at which 0y /0@ =0 (and
consequently Ay, .. = o = 0). In this case, super-directional
beam propagation occurs in the anisotropic medium: the beam
does not broaden because its angular width Ay, ; is zero, and
its absolute width remains constant during propagation. As
can be seen in Figs 3-5, for a surface SW the super-directional
beam can arise'? at frequency /= 2970 MHz, for which
o =0y /0p = 0 at certain angles ¢ and ¥ (these angles are
marked by dashed lines in Figs 4 and 5).

We note here that in the case of non-in-phase beam
excitation (i.e., when a phase shift exists along the exciter),
the quantity o defined by formula (5) as the ratio Ay, ;. and
J0/ D will depend not only on the derivative 0y /O¢, because in
this case Ay, ;¢ is determined by formula (30) from Ref. [8]. In
such a case, if 0y/0¢p = 0, then Ay, = ¢ = 0; however, if
Oy /0¢p # 0, the values of ¢ and 0y /0¢ will not be equal. Since
the present work does not consider cases of non-in-phase
exciters, below we will treat ¢ and |0y /0¢p| to be equal in
accordance with formula (5).

Thus, as evident from Figs 3-5, the surface SW exhibits
anisotropic properties: all wave characteristics (wavelength,
angle between the energy propagation direction and the wave
vector, degree of beam diffraction divergence, etc.) depend on
the propagation direction, because the ferrite film placed in
an external tangential uniform magnetic field constitutes an
anisotropic medium with respect to this wave.

5. Geometry of incidence

of a surface spin wave

with large diffraction divergence
on a hole in a ferrite film

Obviously, the first step is to carry out the simplest possible
experiment, in which the wave incident on the hole would
have a collinear orientation of the wave vector k and the
group velocity vector V, that is, it would be the same wave
that is characteristic for isotropic media. Despite the
apparent simplicity of this experiment, it may exhibit
diffraction phenomena that are not typical for isotropic
media, since the parameters of the diffraction beams of the
SW will depend on the direction of their propagation.

To implement the described experiment, the excitation
transducer was oriented parallel to the external magnetic field
vector Hy (see Fig. 2) and positioned at a distance of 6.3 mm
from the center of the hole.

As a result of processing the experimental data obtained
by the probing method, a series of visualized patterns was
obtained, describing the diffraction of a surface SW on the
hole over the frequency range 2970 MHz < f'< 3100 MHz
with a step of 5 MHz. One of the obtained patterns, describing
the distribution of the modulus and the real part of the
complex amplitude 4 of a surface SW at frequency

13 For the frequency range f1 < f'$2965 MHz, the dependences /(o) lie
below curve 7/ and possess two extrema —a minimum and a maximum —
due to which the inverse dependence ¢ (i) becomes ambiguous over a
certain angular interval of yy. Consequently, in each direction y within this
angular interval, beats of two interfering waves with different wavenum-
bers are observed. Thus, in the specified frequency range, a spatially
inhomogeneous diffraction pattern arises, significantly complicating
measurements (this phenomenon is described in more detail in §7 of
Ref. [8]).
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Figure 6. Experimental normalized distributions of the modulus |4| (a)
and the real part R (b) of the complex amplitude 4 of a surface SW at
frequency f; = 2970 MHz during its diffraction on a through-hole 2 of
diameter d = 250 pm in a YIG film, for the case of SW excitation by a
linear transducer / parallel to vector Hy.

y, mm

Figure 7. Calculated normalized distributions of the amplitude (a) and
microwave magnetization (b) of a surface SW at frequency f; =2970 MHz
during its diffraction on a through-hole 2 of diameter d = 250 um in a
YIG film, for the case of SW excitation by a linear transducer / parallel to
vector Hy.

f1 = 2970 MHz in the plane of the ferrite film, is presented in
Figs 6a and 6b, respectively.

The corresponding visualized SW distributions obtained
via the micromagnetic simulation technique are shown in
Fig. 7. It should be noted that the calculations presented in
Fig. 7b represent the distribution of the microwave magneti-
zation of the SW, averaged over the film thickness. Since this
magnetization changes direction every half-wavelength, the
pattern shown in Fig. 7b effectively corresponds to the
experimental distribution of the real part of the complex
amplitude A4 displayed in Fig. 6b; moreover, both figures —
6b and 7b — quite accurately describe the SW phase distribu-
tion in the studied region of the YIG film.

As can be seen in Figs 6 and 7, the calculated and
experimental diffraction patterns show good agreement.

Now, based on the above-described laws of wave
propagation and diffraction in anisotropic media, we ana-
lyze the SW diffraction patterns presented in Figs 6 and 7 and
consider in more detail how the excitation, propagation, and
diffraction of an SW wave beam at frequency f; = 2970 MHz
occurs.

Obviously, the patterns shown in Figs 6 and 7 can be
regarded as the interference of two diffraction patterns:
one arising from the excitation and diffraction of a finite-
width wave beam during its propagation, and the other
resulting from wave diffraction on the hole. We first
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consider the diffraction features associated with the first
of the mentioned patterns.

The main portion of the microwave energy delivered to
the transducer is expended on exciting waves with wave
vectors k oriented close to the vector ki, = 15.66 cm™! in
Fig. 3 (the angles ¢ that determine the orientation of these
vectors are close to zero'4). Since at ¢ ~ 0 the quantity o,
which determines diffraction divergence, attains its max-
imum values (see Fig. 4b), and since the SW wavelength
(@ ~0) ~4 mm is comparable to the transducer length
D =5 mm, the SW amplitude along the y-axis noticeably
decreases with increasing y (Figs 6a and 7a). If in Figs 6
and 7 we would draw straight lines from the left and right
ends of the transducer at angles equal to the group velocity
cutoff angles ., = —34.3° and 4 = 34.3°, the region
of the film within which all the SW energy is distributed will
be confined between these lines.

It should be noted that for the given parameters 4nM,,
Hy, and f, super-directional SW propagation can arise in the
film along the ¥, = —31.1°, |, =—148.9°, ], =148.9°,
Y, =31.1°, corresponding to orientations of vector k at
angles ¢, =44.6°, ¢, =1354°, ¢, =—-1354°, o, =
—44.6°, because at these angles ¢ and ¥ the isofrequency
dependence possesses inflection points, and in accordance
with formulas (3) and (5) the relations 0y/0¢p =0, Ay =0
and ¢ = 0 take place (see Fig. 3, which shows vectors ki,
k{,, ki5, ki, and V{|, Vi, V{5, Vi, with their orientations).
This fact substantially influences the propagation of the
excited SW beam: due to the absence of diffraction
divergence, a significant portion of the beam energy is
localized along the directions j, and V|, drawing from
the transducer center (see Fig. 6a). We note that in earlier
works [14-17] devoted to SW diffraction for the case 2 ~ D,
it was believed that SW energy localizes near the cutoff
angles of vector V (although in reality it localizes along
directions where 0y /0¢ = 0).

We now consider the features of SW beam diffraction on
an hole in the ferrite slab. As seen in Fig. 6a, a shadow from
the hole is practically absent both along the y-axis and in
directions lying within the angular sector —20° < ¥ < 20°,
the center of which coincides with the center of the hole. This
is because in these directions o > 1 (see Fig. 5), i.e., the
diffraction divergence of the SW is large; moreover, the hole
diameter d =250 um is 16 times smaller than the SW
wavelength A ~ 4 mm.

However, at  ~ {; = —=31.1° and ¢ ~ yj, = 31.1° the
situation changes, since at these angles o ~ 0 (Fig. 5), which
implies the absence of diffraction divergence of the wave
beam. Consequently, behind the hole, in the directions !> i},
and i, two distinct shadows are observed in the diffraction
pattern, resembling straight ‘grooves’ beginning from the
hole (see Figs 6 and 7), whose width equals the hole diameter

141n the description of surface SWs, the angles ¢ and , which define the
orientations of vectors k and V, are conventionally measured from the y-
axis or the k,-axis (see Figs 3-5), with the counterclockwise direction
considered as the positive for angle measurement.

I3 For the sake of brevity, when describing the phenomena under study, we
will not yet make a distinction between calculated and measured
quantities. That is, we will not distinguish, for example, between the
calculated direction ¥, and the corresponding experimentally measured
direction 7, referring to both in the text as ¥/, , since the calculations and
experiments show good qualitative and quantitative agreement. The
differences between the measured and calculated quantities and the
reasons for these differences, will be discussed in Section 9.

25

», mm

Figure 8. Experimental normalized distributions of the modulus |A4| (a)
and the real part R (b) of the complex amplitude 4 of a surface SW at
frequency f> = 3000 MHz during its diffraction on a through-hole 2 of
diameter d = 250 pm in a YIG film, for the case of SW excitation by a
linear transducer / parallel to vector Hy.

d and does not change during beam propagation due to the
absence of diffraction divergence (in Fig. 6a, the extent of
these ‘grooves’ exceeds 20 mm)!

Summarizing the above facts, we can state the following:
as a result of surface SW diffraction on an hole of diameter
d=250 pm, in the directions |, =—-31.1° and
Y, = 31.1°—which correspond to a wavenumber kj, =
ki, =454 cm™! and wavelength 4 = 1385 pum—a distinct
shadow of width d is observed behind the aperture at a
distance of ~ L =21 mm. It should be noted that the
wavelength 4 = 1385 um and the distance L exceed the hole
diameter by A/d = 5.54 times and L/d = 84 times, respec-
tively. Estimates based on the Rayleigh resolution criterion
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for isotropic media indicate that, for this geometry, a shadow
from this object should not be observable.

We note that for SWs with frequencies in the range
2970 MHz < f'< 3030 MHz, the shadow from the hole in
the diffraction patterns was also sufficiently distinct and
extended (see, e.g., Fig. 8), since at these frequencies the
minimum value attained by ¢ is less than 0.1 (see Figs 4b and 5).

However, with increasing SW frequency for
f> 3030 MHz, the shadow from the hole in the diffraction
patterns became less distinct and exhibited stronger broad-
ening, because as the SW frequency increases, the minimum
value of ¢ in the dependences o(¢) and (i) also increases,
gradually approaching unity.

We also note that recently, in a study of diffraction on an
hole for a backward SW excited by a transducer perpendi-
cular to vector Hy [48], a shadow from the hole was also
observed in the direction of super-directional wave propaga-
tion; however, the shadow was not very distinct and was
observed over a shorter distance L ~ 11 mm.

6. Geometry of incidence
of a super-directional surface spin wave beam
on an hole in a ferrite film

Analyzing the visualized patterns described in the previous
section, it is easy to notice that immediately after SW
excitation, most of its energy spreads over a large area of the
ferrite film without reaching the hole; consequently, the
amplitude of the wave forming the straight ‘groove’-like
shadows behind the hole is relatively small. Obviously, one
can propose a geometry in which practically all the energy of
the excited wave reaches the hole and participates in forming
the shadow behind it. In particular, it can be expected that
when a super-directional beam is incident on the hole, the
superresolution effect will be observed much more distinctly
and at a greater distance from the hole, since in this case
practically all the wave energy will be localized along the
beam line. Below, we describe experiments and calculations
performed for the geometry of a super-directional SW beam
incident on an hole.

As calculations show (see Figs 3-5), for the given YIG film
parameters, field Hy, and SW frequency f; = 2970 MHz,
super-directional propagation arises when the wave vector k
is oriented at angles ¢, = 44.53° and ¢, = —44.53°. There-
fore, the excitation transducer must be positioned on the film
surface by such means (Fig. 9) to provide equality between the
angle ¢, corresponding the transducer line orientation
relative to the vector Hy and the value ¢{,. Obviously, before
performing the experiment, it is necessary to know with what
accuracy ¢, must be equal to the angle ¢{,? And with what
accuracy should the SW frequency be chosen equal to
2970 MHz in the experiment?

To answer these questions, we discuss the features of SW
propagation in the directions of super-directional propaga-
tion and in close directions on the basis of the results
previously obtained in Refs [8, 11-13].

Asitisseen in Fig. 4a, in the angular range 41° < ¢ < 47°,
the dependence (o) for frequency f; = 2970 MHz (curve /) is
practically horizontal, causing  to vary in the range
—31.08° <y < 31.01°, i.e., changing by only hundredths of
a degree relative to the direction of super-directional SW
propagation {, = —31.056° (which corresponds to the
minimum value ¢°~0). As noted in the previous section,
since SW energy localizes near the direction of super-

Figure 9. Calculated normalized distribution of the SW microwave
magnetization (a) and experimental normalized distribution of the
modulus [4| of the complex amplitude (b) of an SW at frequency

f> = 3000 MHz during its diffraction on a through-hole 2 of diameter

d =250 pm in a YIG film, for the case of SW excitation by a linear
transducer / inclined to the vector Hy at an angle ¢,, = 45°.

directional SW propagation, for any (!) orientation ¢,, of the
excitation transducer within the range 41° < ¢, < 47°,
practically all the SW energy will be localized along the
direction ¥j;, = —31.056°, and the SW parameters will differ
only slightly from those of a super-directional SW beam. Thus,
if we excite SWs by transducers with different orientations ¢@,,
from the range 41° < ¢,, < 47° and compare the observed
diffraction patterns, we will see practically no differences,
which is confirmed by both experiments and calculations.

Obviously, a similar situation occurs for SWs with different
frequencies f in the range 2965 MHz < f' < 3010 MHz (i.e.,
frequencies close to f; = 2970 MHz), since at these frequen-
cies there also exist wave propagation directions with quite
small minimum values ¢* <0.1 (below we will briefly refer to
these directions as quasi-super-directional). That is, we will
also not observe qualitative differences between the visualized
patterns of SWs with different frequencies from the range
2965 MHz < f'< 3010 MHz—only the quasi-super-direc-
tional directions v * will differ slightly for different frequen-
cies (see Fig. 5), which is also evident from comparing Fig. 6a
and Fig. 8a.

Thus, considering the above, the orientation of the
excitation transducer (relative to vector Hy) was set to
@, = 45°, which made it possible to effectively excite quasi-
super-directional SW beams with ¢* <0.1 over the frequency
range 2965 MHz < f'< 3010 MHz.

As a result of measurements and processing of experi-
mental data, a series of visualized patterns was obtained,
describing the diffraction of a surface SW on the hole over
the frequency range 2970 MHz < f'< 3100 MHz with a
step of 5 MHz. It was found that the SW beam at



April 2026

Superresolution effect and resolvability criterion for the waves in anisotropic media 385

frequency '® /> = 3000 MHz was most accurately directed
toward the center of the hole. Assuming that the transducer
most efficiently excites SWs with a wave vector ki, normal
to the transducer (i.e., with vector Kkj., oriented at angle
O=Pr1pr =P, = 45°), we find that ke (¢,,)=79.19 cm™!,
Aoex(@er) =793 pm and v, (@,,) = —32.27°. The experi-
mental pattern describing the distribution of the amplitude
of an SW at frequency f, = 3000 MHz during its diffraction
on a through-hole in the YIG film is presented in Fig. 9b,
from which it is evident that the direction
Vater(@,) = —32.27°, corresponding to the excited quasi-
super-directional SW beam, practically coincides with the
direction 5, = —32.1°, which corresponds to the minimum
value of ¢* in Fig. 5. As a result of the incidence of this
beam on the hole, a distinct shadow in the form of a
straight ‘groove’ is observed at a distance L ~ 21 mm
(Fig. 9b).

Figure 9a shows the distribution of the microwave
magnetization of the SW, calculated using the micromag-
netic simulation technique and corresponding in all para-
meters to the experimental pattern in Fig. 9b.

As seen from comparing Figs 9a and 9b, the calculated
and experimental diffraction patterns show good agree-
ment: the performed calculations not only confirmed the
experimental results but also demonstrated that the shadow
from the hole can be observed at distances L ~ 35 mm
from it!

Thus, it was discovered that as a result of diffraction on an
hole of diameter d = 250 um by a quasi-super-directional SW
beam  with  kyex(@,,) =79.19 cm™' and wavelength
Z2ex(@p) = 793 pm—which exceeds the hole diameter by
J2ex/d = 3.2 times — a distinct shadow of width d arises in the
direction Y3, = ¥, = —32° begining from the hole,
observed at a distance L ~ 21 mm (Fig. 9b), with the
distance L exceeding the hole diameter by L/d ~ 84 times
(in the calculations shown in Fig. 9a, the shadow is observed
at L ~ 35 mm, and L/d ~ 140).

Furthermore, it is evident that when the original beam
incident on the hole, there are arised the waves reflected from
the hole (Fig. 9a) and characterized by all possible wave
vectors (i.e., wave vectors whose orientations lie in the plane
of the ferrite slab between the cutoff angles). Since
J2ex/d =3.2 and most directions corresponding to these
secondary reflected waves are characterized by large diffrac-
tion divergence ¢ (see Fig. 5), the reflection is practically
unobservable. The exceptions are only the directions /5, /5,,
Y55 and 5, corresponding to group velocity vectors V3, V3,,
VJ; and V3, in which quasi-super-directional propagation of
the reflected waves occurs (Fig. 9). The energy of these waves
localizes along the four listed directions, which are shown in
Fig. 9a. We note that all four quasi-super-directional beams
are clearly visible only in Fig. 9a, which presents the
calculations, because the pattern of high-frequency magneti-
zation distribution is averaged over the thickness of the YIG
film. In Fig. 9b, obtained by the probing method from the
upper surface of the ferrite, the beams propagating along
vectors V5, and V3, are practically invisible, since their energy

1Under this excitation geometry, SW beams at different frequencies
will exhibit slightly different orientations ¥ of the group velocity vector
V. As seen in Fig. 9, for the beam to hit the hole precisely, the
corresponding iy and ¢ values must be known with high accuracy.
Some reasons why the beam at frequency f> = 3000 MHz was directed
exactly at the hole, rather than the beam at f; =2970 MHz, are
discussed in Section 9.

is localized near the film surface adjacent to the substrate. At
the same time, Fig. 9b shows some energy reflection in the
direction of vector V5.

It should be noted that earlier, in Ref. [19], the diffraction
of a surface SW on an hole in a YIG film was studied using the
BLS method. No observation of shadows behind the hole was
reported in that work (although very low-contrast shadows
can be discerned in Figs 2 and 4 of Ref. [19]), and the
diffraction beams arising behind the hole were characterized
by the authors as ‘caustic beams’ or ‘semicaustic beams.’
Analyzing Ref. [19], we suppose that results similar to those
described in Sections 5 and 6 could not be obtained there for
several reasons: (1) the film dimensions were small
(3 x 3 mm?), and the wave distribution was measured for a
very small area (0.8 x 0.8 mm?); (2) the hole in the film had a
diameter of 50 um and was not a through-hole, and the film
itself was thin (4.5 pm), which led to rapid attenuation of the
wave amplitude as it propagated; (3) diffraction beams
behind the hole were observed at a distance L < 0.7 mm,
i.e., a situation where L ~ / prevailed; (4) the angular width
of the SW diffraction beams and shadows behind the hole was
neither measured, calculated, nor compared with the value
2/ D; (5) the SW distribution in the film plane was measured
at arbitrary frequencies (the work does not explain how these
frequencies were chosen), whereas to observe the super-
resolution effect it was necessary to carry out measurements
at a frequency at which the isofrequency dependence has
inflection points.!” Despite the critical comments made, we
consider the results of Ref. [19] to be important, as this work is
apparently the first study devoted to the diffraction of surface
SW on a hole.

7. Postscript on the results
of experiments and numerical calculations

After reading the preceding six sections, readers may remark
that we have obtained interesting experimental and computa-
tional results that show good agreement— but it remains
unclear why the superresolution effect arises. One would
naturally desire a simple and intuitive physical explanation,
as they say, ‘in plain terms!’

We, of course, mind here that the diffraction of SWs by a
circular hole, especially along an arbitrary direction in an
anisotropic medium (described by a second-rank tensor!), is a
mathematically complex problem. However, we also would
not like this work to remain in the memory of readers as a
simple description of some enigmatic phenomenon that
cannot be explained simply and clearly.

With this in mind, below we will attempt not only to
explain the physical essence of the phenomena under study in
straightforward terms but also to demonstrate how a similar
effect could be realized in other anisotropic media.

As is well known, any diffraction problem under rigorous
analysis must be reduced to solving the corresponding wave
equations with physically justified boundary conditions.
However, exact diffraction theory (even for the simplest
cases of wave diffraction in isotropic media) presents a highly
complex mathematical challenge. Therefore, in many diffrac-
tion problems of practical interest, approximate estimates
and methods are still widely used (e.g., estimates based on the

17 Apparently, the authors of Ref. [19] didn’t know about the results of
Ref. [8], assuming that such frequency does not exist for the surface
SW.
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Rayleigh resolution criterion or the method based on the
Huygens—Fresnel principle involving the construction of
Fresnel zones to describe diffraction in parallel beams). As
for the study of diffraction problems for waves in anisotropic
media, they are still in the initial stage of development and
have scarcely been performed even for the simplest cases.

Based on this, we will use all currently available knowl-
edge to make approximate estimates and, at least qualita-
tively, explain the phenomenon described above— the for-
mation of a distinct shadow from an point-like object as a
result of the diffraction of surface SW beams upon it for the
geometries shown in Figs 6-9. In particular, we will attempt
to carry out approximate calculations for the studied
diffraction phenomena based on the Rayleigh resolution
criterion.

8. Analysis of diffraction patterns based on
Babinet’s principle and the resolution criterion

As is well known, J.W. Rayleigh proposed the resolution
criterion for two light sources in 1879. Subsequent studies of
diffraction phenomena have shown that the Rayleigh criter-
ion can be conveniently used not only to estimate the
resolvability of two sources of light or other types of waves,
but also for approximate calculations in a number of
diffraction problems, e.g., for estimating the angular beam
width or the resolving power of various optical instruments
(or the human eye). In particular, formula (3), presented in
Section 4 and derived in Ref. [8], corresponds to the Rayleigh
resolution criterion applied to waves in anisotropic media for
estimating the angular width Ay of a SW beam or any other
wave beam for which the medium is anisotropic. Substituting
expression (5) into (3), we find that the angular beam width
Ay of any wave at a given frequency f in any anisotropic
medium is given by the relation

A

Ay =07, (6)
where D is the exciter size (slit, antenna, excitation transdu-
cer), 2 = 2n/k is the wavelength, and o is the relative angular
beam width (whose physical meaningis explained in Section 4),
which determines the wave’s diffraction divergence.
Obviously, in an anisotropic medium, the quantities 4 and &
depend on the spatial direction (see Fig. 5) in accordance with
the wave’s dispersion relation. For waves in isotropic media,
A is a fixed quantity (at a given frequency f), ¢ =1 (see
Section 4 and Fig. 5), and expression (6) transforms to the
well-known Rayleigh criterion (4), which is commonly used to
estimate the angular beam width in isotropic media.

Thus, the resolution criterion'® (6) will allow us to
estimate the angular width of SW beams in various pro-
blems. The remaining question is how to estimate the angular
width of the shadows form the hole.

As is well known, diffraction theory includes Babinet’s
principle (see, e.g., [60]), which establishes a interdependence
between the diffraction fields and patterns produced by
complementary objects. Examples of such objects are, for
instance, a thread and an opaque screen with a long slit
(provided the thread thickness equals the slit width), or an
opaque disk and an opaque screen with a circular hole of the
same radius. Babinet’s principle states that in such cases, the
results of a diffraction calculation for one of these objects can

18 Of course, expression (3) can also be used as a resolution criterion.

Figure 10. Simplified representation of SW diffraction patterns on various
objects: excitation of an SW wave beam by a linear transducer / of length
D (a); incidence of a plane SW on a slit 2 of length D in an opaque screen
(b); incidence of a plane SW on an opaque screen 3 of length D (c);
incidence of a plane SW on a circular hole 4 of diameter din a ferrite film,
where the diameter d is related to the length Di, of an imaginary
transducer 5 by the relation d = Diy, cosy (d). The patterns are shown
for the case where the SW wave vector k is normal to the object line
(transducer, slit, or screen), and the z’-axis, along which real or imaginary
measurements are performed, is perpendicular to the SW group velocity
vector V. Dashed lines correspond to the SW wave fronts.

be applied to the analogous diffraction problem for the
complementary object. Below, we will assume that Babinet’s
principle is also valid in anisotropic media for analogous
diffraction problems involving complementary objects.

To apply Babinet’s principle for identifying analogous
and complementary objects in the wave diffraction geome-
tries under study, Fig. 10 presents simplified representations
of certain diffraction patterns (corresponding to the diffrac-
tion geometries in Fig. 9). By analyzing these patterns we will
be able to establish analogs and complementary objects for
estimating the angular width of the shadow from the hole.

As seen by comparing Figs 10a and 10b, a linear SW
excitation transducer of length D is physically analogous to
an SW-exciting slit of length D in a thin, SW-impermeable
screen [8]. However, this analogy is valid only for the case
where the wave vector ky of the SW incident on the slit is
oriented normal to the slit line, and only if the following two
conditions are simultaneously satisfied at the SW frequency f
[8]: first, the transducer length must be much greater than the
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SW wavelength, D/Zy > 1; second, the transducer length
must be much smaller than the electromagnetic wavelength
at the corresponding frequency, D/Aigmw < 1, since only in
this case can the entire transducer aperture be considered in-
phase, and the wave vector ko of the excited SW can be
considered normal to the transducer line. It is easy to see that
in the microwave range, where Agyw ~ 3—30 cm and
Ao ~ 0.05 — 1 mm, both conditions can almost always be
satisfied by choosing D ~ 3—10 mm.

Let us now determine the object that is complementary to a
slit of length D in an opaque screen. Obviously, according to
Babinet’s principle, an opaque screen of length D, parallel to
the slit line, will be such an object (Fig. 10c), since it is in this
case that the transparent parts of one object (the slitin Fig. 10b)
exactly coincide with the opaque parts of the other (the screen
in Fig. 10c). That is, for the problems under consideration, it
can be assumed that the diffraction fields and patterns arising
in the far field region as a result of the wave beam excitation by
a slit in an opaque screen (Fig. 10b) and by a linear transducer
(Fig. 10a), are mutually complementary to the diffraction fields
and patterns arising as a result of the wave beam diffraction on
an opaque screen whose length equals the slit and transducer
length D (Fig. 10c).

Let us now ask: is there any analogy between the
diffraction properties (with respect to SWs) of the opaque
screen shown in Fig. 10c and the properties of the hole in a
ferrite film shown in Fig. 10d? Obviously, SW reflection from
an opaque screen will be much more directional than
reflection from a circular hole in a ferrite film. However,
since we are interested only in the passage and diffraction of
waves on the objects shown in Figs 10c and 10d, it is clear that
these objects can be considered analogous,'® and the diffrac-
tion fields created by them — equivalent,? if the diameter of
the hole d and the opaque screen length D are related by (see
Figs 10c and 10d)

d
p=" 7
cosy’ ™)

where y = ¢ + 1, and ¢ and  are the orientations of the
wave vector k and the group velocity vector V of the wave
forming the shadow behind the hole (recall that for the
diffraction cases in Figs 6-9, the super-directional or quasi-
super-directional wave forms the shadow, not the incident
wave!).

Thus, we can consider that a through-hole of diameter din
a ferrite film is equivalent to an imaginary opaque screen that is
parallel to the wave fronts of the incident wave and covers the
same region of the incident beam as the hole of diameter d.
The length Dj, of this imaginary screen, determined by
expression (7), should be used in the resolution criterion (6)
to find the angular width of the shadow from the hole for
waves in anisotropic media. It should be noted that for waves
with collinear orientation of vectors k and V (i.e., for waves
analogous to those in isotropic media), when y = ¢ =y =0,
the established equivalence of these objects is preserved. In
this case, from Eqn (7) we obtain the expression D = d, and
consequently, for collinear waves — as for waves in isotropic
media— only the visible size of the object must be used to

19 The case where the transducer aperture cannot be considered in-phase
should be associated with a geometry in which the wave vector Kk, of the
incident SW is inclined at a certain angle relative to the slit line [8].

201f edge effects are neglected.

estimate the angular width of a beam or shadow 2! on the basis
of the resolution criterion.

Thus, taking into account relation (7), the resolution
criterion (6) will now allow us to estimate both the angular
width of SW beams and the angular width of shadows.

In accordance with the simplified representation of the
studied geometries in Fig. 10, we will perform estimates under
the following assumptions:

(1) We will assume that estimates based on the resolu-
tion criterion (6) are valid and reliable only for the case
A < D or, at minimum, for the case where A is several times
smaller than D (since the Rayleigh criterion, the theory of
Ref. [8], and formulas (3)—(6) are valid precisely for this
case).

(2) We will consider the studied problems as two-dimen-
sional, since we are not interested in the dependence of SW
characteristics on the coordinate x normal to the film plane,
or we will use SW characteristics averaged over the coordi-
nate x.

(3) For each diffraction geometry, we will use a new
coordinate system X'{y’,z'} in the film plane (see Fig. 10),
where the z’-axis is perpendicular to the group velocity vector
V of the incident wave (Figs 10b, 10c, 10d); and for the
geometry in Fig. 10a, we will assume that vector V
corresponds to vector k normal to the transducer line.

(4) Within the framework of the two-dimensional pro-
blem, we will assume that real or imaginal measurements are
performed along lines parallel to the z’-axis, that make it
possible, using probing or BRS methods, to obtain the
distribution of the SW amplitude and estimate the angular
width of the beam or shadow.

(5) For the sake of brevity, we will not make any
differences when referring to similar calculated and mea-
sured quantities (see footnote 15). The reasons for these
differences will be discussed in the next section.

To estimate the angular width of SW wave beams in
Figs 6-9, we will use the value of the angle ¢, at which the
excitation transducer is oriented in the corresponding experi-
ment and we will find the corresponding values of the other
calculated quantities for this angle.

To estimate the angular width of shadows in Figs 6-9, we
will proceed from the assumption that shadows arise in the
direction of super-directional or quasi-super-directional SW
propagation —that is, in the direction where the dependence
o () possesses its minimum value ¢ = oy, = 6. Therefore,
finding the angles ¢* and y ¥ at which ¢ = ¢*, we will match to
them the corresponding values of the other calculated
quantities, including the length of the imaginary transducer
Djn, determined by formula (7), and the maximum distance
Limax (at which the shadow can still be observed), calculated
by the formula

d
Lmax = E . (8)

2! This statement may appear to contradict what was stated earlier: we
previously said that a shadow always arises in the direction of super-
directional wave propagation, but now it turns out that it can also arise in
the direction of collinear wave propagation when y = ¢ = = 0. This
contradiction is only seeming: in anisotropic media, a shadow indeed
always arises in the direction of super-directional wave propagation, but
sometimes this direction coincides with the direction of collinear wave
propagation! For instance, Ref. [61] established that such a case occurs,
for example, for SWs in a metallized ferrite slab: super-directional wave
propagation arises at y = ¢ =y = 0 (see curve 2 in Fig. 2 of [61]).
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Let us now estimate on the basis of the resolution criterion
(6) the angular width of the beam and the shadow, primarily
for the geometry in Fig. 9, and list for convenience the main
characteristics of the beam or shadow.

For the beam in Fig. 9: /, = 3000 MHz and ¢, = 45°.
Based on this, we obtain: o2,y = 0.0697; kaor = 79.19 cm™';
Jaex =793 pm, Aoer/D = 0.159; Wy, = —32.27°; Ay, =
0.0111(0.633°). Estimates based on the resolution criterion
(6) are reliable since 2> D, and they correspond to the
angular beam width in Fig. 9.

For the shadow in Fig. 9 (as well as for the analogous
shadow in Fig. 8): fo = 3000 MHz and 6, = 0.0568. Based
on this, we obtain: ¢35, =42.6°, {5, =—32.1°, k5 = 66.65 cm™!,
25=0.943 mm, Djy, =0.947 mm, Ay, =0.0565(3.24°), Linax =
4.42 mm. In this case, since A ~ D, the estimates exceed the
limits of applicability of criterion (6) (4 < D). Nevertheless,
Fig. 9 shows that both in the experiment and in the numerical
calculations, a distinct shadow behind the hole is observed at
distances L ~ 21 mm and L ~ 35 mm, respectively.

Obviously, when estimating the angular width of the two
shadows in Figs 6 and 7 (for f; =2970 MHz), which
correspond to angles ¢}, |, = £44.6° and /], |, = F31.1°, we
obtain from (6) Ay ~ 0 and L,x — oo, since of ~ 0. We
note, however, that in this case, since 1 ~ Din(4; = 1.385 mm
and Dj, = 1.012 mm), the estimates exceed the limits of
applicability of criterion (6) (4 < D). Obviously, if ¢ =0 is
substituted into expression (6), then regardless of the ratio
27/D, one always obtains Ay = 0. Nevertheless, both in the
experiment and in numerical calculations, two distinct shadows
of width d are observed behind the aperture at a distance
~ L =21 mm.

Estimating the angular width of the wave beams (for
f1 =2970 MHz and f; = 3000 MHz at ¢,, = 0) in Figs 6-8,
we obtain A =4.012 mm, o1,y = 1.63  and Ay =
2.476 mm, 6., = 1.68, and the angular width of both beams
is very large: Ay, = 1.308(74.9°) and Ay,,, = 0.832(47.6°),
so they can hardly be referred to as beams at all. Obviously,
since Ajex ~ D and Ay ~ D (D =5 mm), the performed
estimates exceed the limits of applicability of criterion (6)
(4 < D), although they confirm the extremely strong diffrac-
tion divergence of these wave beams.

Summarizing the performed estimates, we can state the
following.

Due to the presence of super-directional and quasi-super-
directional wave propagation directions in the ferrite film, a
new physical phenomenon arises in these directions: super-
resolution. This phenomenon consists in the fact that a
distinct shadow from a small (point-like) object (hole) exists
at a significant distance from the object, and the observed
angular resolution of the object (angular width) is many times
smaller than the similar resolution obtained on the basis of
Rayleigh resolution criterion (4).

The observation of this new phenomenon is confirmed
both experimentally and through numerical and analytical
calculations. Moreover, a similar phenomenon was recently
observed by us during the study of backward volume SW
diffraction on an through hole in a ferrite film [48].

Continuing the discussion of the obtained results, we note
that readers may ask: why, in anisotropic media where super-
directional wave propagation exists, a shadow arises from an
object smaller than the wavelength, and why this shadow
always appears in the direction (or directions) of super-
directional propagation? As it is known, in isotropic media,
a shadow from such an object does not arise!

To answer this question, let us first recall that the
radiation pattern Fisor:() of an elementary radiating ele-
ment (in the equatorial plane) placed in an isotropic medium
has a form of circle (see, e.g., Fig. 2.14 in [62]). In accordance
with the developed concepts, the form of this pattern can be
interpreted as a result of the equivalence of all directions of the
isotropic medium with respect to diffraction—they all
correspond to the same diffraction divergence, so
Fisotr (W) = a() = 1 (see Fig. 5). In an anisotropic medium,
however, different spatial directions are not equivalent with
respect to diffraction, and if an elementary radiating element
is placed in any anisotropic medium, its radiation pattern
Fanis(Y) (in the far-field region of the equatorial plane) will
obviously not be a circle. A rigorous electrodynamic calcula-
tion of such patterns?? is beyond the scope of this work;
however, it can be assumed that the pattern Fy,;s(y)) will
resemble the dependence 1/0(y) and will have maxima in
directions corresponding to the minimum values of o, since
the radiated energy, redistributed significantly, will ultimately
localize near these directions.?* This fact is also confirmed by
the diffraction patterns>* presented in Figs 6-9. It is currently
difficult to judge how narrow and directional the maxima of
the pattern Fy,;s(1) can be for a medium in which super-
directional wave propagation is possible. Here, we only wish
to emphasize that in an isotropic medium we have an
omnidirectional elementary emitter, whereas in an anisotro-
pic medium we have a directional one.

Let us now return to answering the original question.
Suppose a wave front with wavelength 4, excited far from a
small wave-opaque object of diameter d, reaches the object.
According to Huygens’ principle, the wave front reaching the
object can be associated with a line of secondary wave sources
and no such secondary sources present over a short segment
of length d. If this situation occurs in an isotropic medium
characterized by omnidirectional secondary elementary
radiating elements, then for d < 1 and even for d < 4, the
slight wavefront distortion arising behind the object quickly
disappears as the wave propagates further and will be
practically unnoticeable already at distances d ~ 4. If,
however, this occurs in an anisotropic medium characterized
by directional secondary radiating elements, then the slight
wavefront distortion arising behind the object does not
disappear quickly as the wave propagates further, even if
d < 1,and can be observed at a significant distance L from the
object. This is because the directional secondary radiating
elements transfer energy predominantly in the direction with
the minimum value of ¢ (or in the direction of super-

22 A rigorous calculation of such patterns can presumably be performed
using the methods employed in Ref. [62].

23 As can be seen, this conclusion essentially agrees with the following
conclusion made earlier in Ref. [18]: backward SW magnons focus along
the normals to the inflection points of the wave’s isofrequency depen-
dence. However, both conclusions were derived from calculations based
on different theoretical frameworks.

241t should be noted here that the diffraction patterns in Figs 6-9 are
obtained for the meridional plane, in which an elementary radiating
element placed in an isotropic medium has a figure-eight radiation
pattern (see Fig. 2.14 in [62]) Fiou () = |siny| (when angles are
measured from the normal to the radiating element axis). Obviously, for
an elementary radiating element placed in an anisotropic medium, the
analogous pattern Fypis(1) will resemble |sin | modulated by a depen-
dence of the form ~ 1/a(y). Moreover, for angles y deviating from the
normal to the emitter axis by no more than ~ +40° (i.e., lying within the
cutoff angle interval), it is the factor ~ 1/a(y) that will determine the
pattern’s shape (just as for the equatorial plane patterns).
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directional propagation, if it exists), thereby forming a
shadow! Obviously, the maximum value of L will depend on
the ratio between the object size d and the angular width of the
radiation pattern of the elementary radiating element Ay
which fully corresponds to formula (8) and criterion (6). In
this regard, we also note that the profile and direction of the
shadow in Figs 5-8 will not depend on the dimensions and
orientation of the excitation transducers:® if at least some
amount of energy reaches the wave-opaque object (in this
case, the hole), a distinct shadow will arise!

There is another important question that must be
discussed in this work. Analyzing the resolution criterion
(6), readers may ask: since the angular width of an SW beam
Ay can be zero (if ¢ = 0 is substituted into (6)), it follows that
such a phenomenon as hyperresolution can exist, when an
absolutely nonbroadening beam (or shadow) would be
observed at an infinitely large distance from the exciter (or
object)? This question is entirely reasonable, especially since
Fig. 6a presents a geometry in which nonbroadening shadows
oriented along the direction ¢ ~ 0 were observed. Indeed, in
Fig. 6, we observe no tendency for the shadow from the hole
to broaden up to a distance of L ~ 21 mm; the shadow simply
gradually disappears due to wave attenuation itself (unfortu-
nately, due to the presence of losses, SWs cannot propagate
over very long distances).

Obviously, a comprehensive answer to this question
requires calculating the radiation patterns Fyus(y) discussed
above. However, we would like to recall here some results that
are already known. In particular, in earlier studies [8, 10] there
was calculated the amplitude distribution 4 of the total
magnetic potential of an SW excited by a slit of length D in
an opaque screen as a function of angle s (see Figs 5, 6 in [§]
and Fig. 3 in [10]) for various geometries (for the case D > 1),
and the angular width of the resulting beam was determined
from the 4 (i) dependence. These works demonstrated that the
A(y) dependence is described by a function of the form
sin @/®; however, the value sin® depends on the wave
parameters in a more complex way than in isotropic media.
Consequently, the A(y) dependence resembles a sin @/®
function that is strongly ‘stretched’ for certain values of i and
strongly ‘compressed’ for others. It might seem that since the
A(y) dependence always possesses a central lobe, this lobe
must always have some finite angular width Ay, and thus, the
situation where Ay = 0 is impossible. It should be noted,
however, that for a geometry in which an ideal super-
directional beam is excited,?® the 4(y)) dependence in the far
field region has a central lobe resembling a delta function: it has
a maximum equal to 1 but no angular width, since the values of
two zeros adjacent to the main maximum of the A(y)
dependence tend to each other! At the same time, such a
beam naturally possesses a finite absolute width, which is
determined by the exciter dimensions and is maintained
during propagation!

Let us discuss the formulated question in an even more
simplified way, focusing on the physical essence of the
phenomena under study. As noted above, the relative angular
beam width ¢, which characterizes diffraction divergence in

23 This conclusion can also be reached by analyzing the SW distribution
patterns presented in Figs 2 and 4 of Ref. [19], although the emergence of
shadows is not discussed in that work.

26 Recall that in such a geometry, the wave vector of the incident wave
falling on the slit is directed exactly toward the inflection point of the
wave’s isofrequency dependence, where 0 /0¢ = 0, and there is nothing
mathematically unusual about this geometry.

accordance with formula (5) can be equal to zero in certain
directions ¥ (see curve / in Fig. 5), in which super-directional
propagation of the wave beam occurs. Let us logically consider
what does zero diffraction divergence or super-directional wave
propagation physically mean? In fact, this means the absence of
diffraction for the wave beam propagating in that direction!
And what does the absence of diffraction mean? It means that
the laws of geometric optics can be applied in that direction!
Thus, in anisotropic media, wave processes can be described
within the framework of geometric optics when the value ¢ = 0
corresponds to the wave propagating in a given direction.
However, as is well known, within geometric optics, a beam
and a shadow cast by an object do not broaden and can be
observed at infinitely large distances. Therefore, purely theore-
tically, a phenomenon such as hyperresolution could exist, where
an absolutely nonbroadening beam (or shadow) would be
observed at an infinitely large distance from the exciter (or
object). Perhaps future studies on wave propagation in aniso-
tropic media will show that the existence of this phenomenon is
limited by certain distances or physical factors (e.g., due to
losses) — this remains unknown at present, since research on
wave diffraction in anisotropic media has only just begun, and
the main results have been obtained only for SWs, which,
incidentally, due to super-directional propagation, have been
observed at record distances from the exciter of ~ 5 cm!

Unfortunately, we must conclude the discussion here.
Although many interesting questions remain, answering
them requires further research on wave diffraction, including
research in other anisotropic media. Moreover, as will be
evident from the material presented in the next section, even
for SWs there are still unresolved problems. In particular, it
turns out that it is not so easy to find out whether a super-
directional beam or a quasi-super-directional beam (with a
small value o < 1) has been excited.

9. Reasons caused to slight differences
between experimental and calculated results

As noted in Section 3, the parameters of the used YIG film
were determined on the basis of approximation of the
measured SW dispersion relation by the corresponding
dispersion relation calculated in magnetostatic approxima-
tion. During the approximation process, the film thickness %’
and the effective saturation magnetization®® of the YIG film
were used as variable parameters, and the criterion for the
best agreement between the measured and calculated rela-
tions was the minimum root-mean-square deviation of the
dispersion curves. The measurement of the surface SW
dispersion relation was performed for the case where the
excitation transducer was parallel to the vector Hy and most
efficiently excited SWs with wave vectors k oriented at ¢ = 0.
For a series of fixed frequency values f, a corresponding series
of experimental values k was found, that is, the dependence

271t might seem that the YIG film thickness could be measured, for
example, using a microscope. However, a thickness measured by this way
will include the thicknesses of the various oxide layers, which generally are
presented on the YIG film surface and are not possessed by the properties
of YIG. Therefore, a more accurate film thickness value can be found by
the means of approximation.

28 1n reality, as a result of the approximation we find the difference M.
between the value of 4nM, and the uniaxial anisotropy field H, (not the
saturation magnetization 4n My —see Ref. [53] for details). For the sake of
brevity, below we will refer to this difference M.y as the effective
magnetization.
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k¢(f, ¢ =0) was actually measured and approximated. By
approximating the experimental dependence ky(f, ¢ =0)
with the calculated dependence k,(f, ¢ =0), one can
ultimately find the values of thickness s and effective
magnetization M, which are usually considered as the
actual parameters of the ferrite film.

However, if we measure the SW dispersion relation at a
different angle ¢ (i.e., with an arbitrary orientation of the
transducer) and then compare this dependence with the
theoretically calculated for the found values s and Mg, we
will see that the agreement between the curves becomes worse
than it was at ¢ = 0, and the larger the value of ¢, the poorer
the match. This mismatch naturally affects on the SW
isofrequency dependences: if we compare the experimental
and theoretical isofrequency dependences, the best agreement,
as already noted, will be observed for the points where these
dependences intersect the k, axis (since the approximation was
performed precisely for these points), while with increasing ¢,
the isofrequency dependences will differ more significantly. In
other words, we would observe that the experimental and
theoretical isofrequency dependences have slightly different
asymptotes or cutoff angles corresponding to waves with
k — oo. Obviously, because of this reason the calculated and
experimental wave vectors k and k¢, directed at the same angle
¢, will have different magnitudes, and the corresponding
calculated and experimental group velocity vectors V and V¢
will differ slightly in both magnitude and orientation ¥ and
(that is why the notations of these values differ in Fig. 9).

The reason for the observed differences between the
experimental and calculated SW characteristics is a certain
imperfection of the used methodologies. Unfortunately, at
present, there is no methodology that would allow simulta-
neous approximation of the entire experimental SW disper-
sion surface f'(ky, k) (or f(k°, ¢¢)) and that would provide
the coincidence of the cutoff angle values too. Presumably,
when developing such a methodology, in addition to the
uniaxial and cubic anisotropy fields accounted for in the
methodologies of [52, 53], it will be necessary to use additional
parameters describing the ferrite film and the SW. In this
regard, it should be noted that the superresolution effect
described above provides an excellent opportunity to measure
with high precision the angles * that correspond to the
inflection points of the isofrequency dependence and describe
the directions of super-directional SW propagation (and these
angles are much easier to measure than the cutoff angles
corresponding to SWs with k — oo). The measuring of the
angles 1 *¢ could serve as the basis for developing a new, more
accurate methodology for determining ferrite film para-
meters.

There is another reason for the differences between the
experimental and calculated values of the corresponding SW
characteristics. The fact is that a real excitation transducer isn’t
a perfectly in-phase exciter: at frequencies of 2-3 GHz for a
transducer length D ~ 5 mm, a phase shift A0 of several
degrees arises between its ends, as was previously noted in
Ref. [11]. The presence of this phase shift Af causes the
experimental wave vector k., corresponding to the most
efficiently excited SW, to deviate slightly from the normal to
the transducer line. Consequently, the angle ¢, ., which defines
the transducer orientation, is not equal to the angle ¢, which
defines the orientation of vector k. (that is why the notations
of these values differ in Fig. 9). Moreover, it is difficult to find
the shift AO(f) = ¢, — @£ (f) in order to take it into account
in the calculations.

We note that the presence of the phase shift Af can also be
seen in the experimental diffraction patterns. Obviously, if A0
was zero, the diffraction patterns in Figs 6a and 8a would be
mirror-symmetric with respect to the y-axis. In reality,
however, the patterns in Figs 6a and 8a are not strictly
symmetric about the y-axis (this asymmetry is especially
evident in the analogous pattern shown in Fig. 6 of Ref. [11]).

Unfortunately, since the value of Af is unknown, we
cannot state with certainty whether the wave beam excited
in our experiment had a value ¢ exactly equal to zero, or
whether o was only approximately zero.

Nevertheless, these small differences between the experi-
mental and calculated SW characteristics do not affect the
reability and validity of the superresolution effect, which is
the subject of the study in this work.

10. Conclusion

The possibility of overcoming the diffraction limit in aniso-
tropic media is discussed in this work. In order to solve this
problem, we demonstrate for the first time the occurrence of a
superresolution effect, in which a distinct, practically non-
broadening shadow from a point-like object is observed at
distances significantly (by 1-2 orders of magnitude) greater
than the values predicted by the Rayleigh resolution criterion.

In particular, the diffraction of a surface spin wave with
wavelength A on a point-like object (a through-hole of diameter
din a ferrite film) is investigated experimentally and on the basis
of numerical calculations for various excitation geometries
using a linear transducer for the cases A/d=3.2 and
AJd=5.54. It is found that for geometries in which the
incident wave is quasi-super-directional (i.e., characterized by
a relative angular beam width ¢<0.1 and has almost no
diffraction divergence), wave diffraction on the hole gives rise
to a new physical phenomenon — superresolution, in which a
distinct shadow from the hole exists at a considerable distance
L > 7, and the observed angular resolution d/ L is many times
smaller than the angular resolution observed for a similar
geometry in isotropic media. It is also established that for
geometries where the incident wave exhibits large diffraction
divergence (characterized by ¢ = 1.5), superresolution effects
occur only if the wave’s isofrequency dependence possesses
either inflection points (for which ¢ ~ 0), corresponding to
super-directional wave propagation or points with a minimum
value of the isofrequency dependence curvature (for which
050.1), corresponding to quasi-super-directional wave propa-
gation. It is demonstrated that, regardless of the initial
parameters of the incident spin wave and its excitation
geometry, superresolution effects— distinct shadows formed
by excited secondary waves behind the hole—always arise
exclusively in the directions of super-directional and quasi-
super-directional wave propagation (with ¢ <0.1), and not
arise in the direction of the incident wave.

Since the phenomena described above cannot be
explained by the well-known Rayleigh resolution criterion, a
new resolution criterion is formulated in this work. This new
criterion takes into account the dependence of wave diffrac-
tion divergence on spatial propagation directions in aniso-
tropic media.

The application of Babinet’s principle (assuming its
validity in anisotropic media) to the analysis of the studied
diffraction patterns allowed us to identify both analogous and
mutually complementary objects for the diffraction geometries
under investigation. In particular, it was established that a
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linear transducer of length D used to excite SWs is analogous
to a slit of length D in an opaque screen, provided the wave
incident on the slit has a wave vector k( oriented normal to the
slit line. It was also found that the aforementioned slit and
transducer are complementary to an opaque screen of length D
parallel to them, while a hole in a ferrite film (when studying
transmitted waves) is analogous to an opaque screen (parallel
to the wave fronts of the incident wave) whose imaginary
length Dy, covers the same region of the incident beam as the
hole of diameter d. The proposed resolution criterion,
combined with the application of Babinet’s principle, made it
possible to carry out approximate calculations for all obtained
diffraction patterns and provided a clear explanation for the
occurrence of super-directional and superresolution effects.

The work also describes the reasons for the differences
between the measured and calculated spin wave parameters. In
particular, it is noted that one of these reasons is the absence of
a methodology that would allow simultaneous approximation
of the entire experimental SW dispersion surface and provide
agreement not only between the calculated and measured
dispersion relations but also between the SW isofrequency
dependence. In this regard, it is proposed to use the super-
resolution effect to measure the angles of super-directional SW
propagation (these angles can be measured with high accu-
racy) and use their values in the approximation. Another
reason of the observed differences between the measured and
calculated SW parameters is the outphasing of the excitation
transducer, because of the wave vector of the most efficiently
excited SW is always slightly deviated from the normal to the
transducer line.

The results obtained in this work can be used to perform
approximate calculations based on the formulated resolution
criterion to search for geometries that could realize super-
resolution effects in other anisotropic media, such as ferrites,
antiferromagnets, plasmas, the Earth’s ionosphere, uniaxial
optical and acoustic crystals, as well as various metamaterials.
Furthermore, for practical applications, the use of the super-
resolution effect would likely enable the observation of objects
whose dimensions are much smaller than the wavelength.

The authors are grateful to V.P. Ivanov for fabricating the
aperture in the ferrite film, to A.Yu. Annenkov for assistance
in preparing the measurements, and to A.B. Khutieva for help
with the numerical calculations.
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