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Here we present the nonreciprocal propagation of caustic beams and channeling of the backward volume
spin wave in an yttrium-iron-garnet structure with the longitudinal symmetry axis and broken translational
symmetry. The experimental method of Brillouin spectroscopy and the numerical micromagnetic methods
are used to study the mechanisms of control of the nonreciprocal spin-wave signal propagation in a T-
shaped junction with a partially metallized surface. It is shown that the partial metallization of the surface
together with the reversal of the magnetic field direction can serve as a way to control the propagation of
spin-wave beams. The formation of the spin-wave channel between the metal stripe and the edge of the
magnetic film is observed experimentally and demonstrated by numerical solution of the Landau-Lifshitz-
Gilbert equation and Maxwell’s equations. The proposed theoretical analysis explains the experimental
results and provides useful technical information for the fabrication of reconfigurable magnonic devices,
which utilize the spin-wave beam formation in the region of the junction of the magnonic waveguides with
different widths. The proposed structure can be used as a functional element of signal branching and/or
power division in magnonic networks and signal-processing devices based on them.
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I. INTRODUCTION

The scalability of conventional CMOS-based nanoelec-
tronics is expected to become increasingly limited over
the next decade, so alternative devices beyond CMOS are
being actively developed as a complement to function-
ally extend future nanoelectronic technology nodes [1]. A
conceptual approach to information transmission and pro-
cessing based on magnon principles is one of the most
promising technologies. Magnons are spin-wave excita-
tions in magnetic materials, which in the classical view
can be understood as the collective precession of electron
spins. The collective interaction occurs due to short-range
quantum mechanical exchange interactions as well as mag-
netic dipole interactions [2]. In addition, spin waves (SWs)
open up possibilities for the development of the wave-logic
signal-processing paradigm [3], with the advantage over
electromagnetic waves that even at terahertz frequencies,
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the wavelength of the collective spin precession can be
several nanometers [4].

The energy of SWs depends substantially on the relative
angle between the propagation direction and the magne-
tization orientation, the material parameters, and the field
configuration, which is expressed in the anisotropic form
of SW dispersion [5]. This anisotropic dispersion leads to
the formation of nondiffracting caustic beams of SWs [6],
to anomalous spin reflection, refraction and diffraction and
provides different directions of group and phase velocities
[7,8]. A common feature of all types of wave beams is the
tendency for their transverse aperture to increase as they
propagate due to the inevitable diffraction in the propagat-
ing material [8]. This effect is particularly noticeable when
the initial width of the wave beam is comparable to, or even
smaller than, the wavelengths forming the beam. As shown
in Ref. [9], in a material with strong planar anisotropy,
the diffraction of the wave beam can be reduced and
the spin-wave patterns have a multibeam structure with a
well-defined preferred direction of radiation. The spatial
variations of the demagnetizing field lead to the complete
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reflection of the SW in the range of nontransmission fre-
quencies. At frequencies where the emission is resolved,
rather unusual propagation features are observed due to the
anisotropy of SW dispersion [10–12]. At the same time the
term “superdirectional beam” could be used to show the
narrowly focused nondiffracted spin-wave beam propaga-
tion similarly to the unidirectional or superdirectional light
and acoustic emission process.

Signals can be encoded in the amplitude and/or phase of
the SW as a unit of information using the physical wave
effects in the form of a transfer of the amplitude of the
angular momentum of the spins forming SW [13]. In recent
years, a number of researches have been devoted to the
development of SW technologies, and many goals have
already been achieved in the form of SW logic gates [14],
filters [15–17], delay lines [18], multiplexers [19], and
spectrographs [20]. The development of the reconfigurable
devices that allow the control of the direction of the spin-
wave signal propagation without changing the geometry
of the structure may allow more complex computational
tasks to be performed without changing the configura-
tion of the waveguides [21,22]. The building block of
reconfigurable magnon circuits can be a T-shaped design
based on a junction of spatially confined magnetic films in
which SW beams are separated as a result of diffraction.
The use of transversely confined magnetic waveguides
as waveguide structures has been demonstrated in many
papers, e.g., Refs. [10,23]. An obvious disadvantage of
devices in which the spin-wave signal propagates along
rectilinear channels is the limitation in changing the device
parameters set during the design and fabrication of the
waveguides. One way to increase the use of transversely
constrained magnetic waveguides is to fabricate structures
with broken translational symmetry [24]. Such devices can
be used in different configurations of the magnetic field and
the direction of propagation of the spin-wave signal, allow-
ing them to be used in multiple modes of operation. Over
the last decade, there has been an extensive study of the
propagation of spin-wave caustic beams in magnetic films
[9,21]. As shown in Ref. [22], caustic spin-wave beams
can propagate in unpatterned magnetic films as well as
being directed into formed channels. Fabricated waveg-
uiding channels by transversely confining magnetic films
allow the SW signal to be channeled [25,26].

At the same time, it has been shown that magneto-
static spin waves can propagate in magnetic films in a
nonreciprocal [27,28] manner. The use of nonreciprocal
effects in structures with broken translational symmetry
may be another step in the creation of devices based on
the principles of magnon logic. The nonreciprocal proper-
ties of magnetostatic spin waves allow us to create devices
based on symmetric structures in which nonsymmetric
propagation of spin waves with respect to the longitu-
dinal symmetry axis takes place, which may be another
way to control the direction of propagation of spin-wave

signals in magnon logic devices [13] and spintronic
devices [29].

In this paper, we investigate the nonreciprocal prop-
agation of superdirectional quasicaustic beams of SWs
in a waveguide structure with a partially metallized sur-
face. The experimental method of Brillouin spectroscopy
and numerical micromagnetic methods reveal the mech-
anisms of the control the spin-wave signal separation in a
magnonic T-shaped junction. The transmission of the spin-
wave beams is subject to being controlled by the direction
of the bias magnetic field. The reversal of the magnetic
field direction leads to the spatial separation of spin-wave
beams in a magnonic T-shaped junction. The proposed
structure can be used as a functional element of signal
demultiplexing and spatial separation of the spin-wave
signal in planar topologies of magnon networks and signal-
processing devices based on them. The proposed structure
can be used as a functional element of signal branching in
planar of magnon networks and signal-processing devices
based thereon.

II. FABRICATION, EXPERIMENTAL, AND
NUMERICAL METHODS

A. Fabrication of magnonic interconnection with a
metal stripe above

The structure was fabricated from single-crystal thin
yttrium-iron-garnet film [YIG, Y3Fe2(FeO4)3 (111)] [30]
with thickness s = 10 µm and saturation magnetization
4πMs = 1750 G. The YIG film was epitaxially grown on
gallium-gadolinium-garnet substrate [GGG, Gd3Ga5O12
(111)]. The ferromagnetic resonance linewidth for YIG
was 0.5 Oe. Figure 1 schematically shows the T-shaped
structure, which was fabricated from YIG film using the
patterning with a local laser ablation system (LLAS) based
on a Nd:YAG fiber laser with a two-dimensional galvano-
metric scanning module (Cambridge Technology 6240H)
operating in a pulsed regime with a pulse duration of 50
ns and an energy of 50 mJ. The fabricated magnonic T-
shape junction consists of two sections S1 and S2 with
different widths. The input section S1 formed a finite-width
magnonic waveguide with the length of l1 = 1500 µm and
the width of w1 = 500 µm. Section S2 has the width of
w2 = 6 mm and the length of l2 = 4 mm.

A microstrip antenna with a width of 25 µm was used
for SW generation at the input of the S1 section. At the dis-
tance lm = 1 mm from the connection of sections S1 and
S2 the Dc = 250-µm-width metal stripe with a thickness of
2 µm was sputtered on top of the T-shaped structure using
the cold magnetron-sputtering technique [31]. Thus the
fabricated structure has the longitudinal-symmetry ξ axis
(as shown in Fig. 1) and broken translational symmetry due
to the junction of sections S1 and S2.
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FIG. 1. Schematic of the T-shaped YIG waveguide. The curve
ξ denotes the longitudinal axis of symmetry of the structure con-
sisting of two sections (S1 and S2) with the metal stripe on top of
section S2.

B. Experimental technique and spin-wave excitation

Brillouin light-scattering (BLS) spectroscopy of mag-
netic materials was used to experimentally observe spin-
wave propagation in the T-shaped structure with partial
metallization. The method is based on the effect of inelastic
light scattering from coherently excited magnons [32]. A
single-frequency laser (Spectra Physics Excelsior EXLSR-
532-200-CDRH) light with a wavelength of 532 nm was
focused to a spot with a diameter of 25 µm and power of
1 mW on the T-shaped structure from the GGG side, as
shown in Fig. 1. The microwave signal with a power level
of −20 dBm from a signal generator Anritsu MG3692C
was applied to the input microstrip antenna to excite the
microwave magnetic field with the amplitude of about
0.1 Oe. The structure was magnetized in two different
directions: positive, along the z axis, and negative, antipar-
allel to the z axis. Uniformly magnetic field generated by
a GMW 3472-70 electromagnet and directed along the z
axis. In experiments, the value of the magnetic field was
H0 = 1200 Oe. An accurate positioning system was used
to obtain maps of the spatial distribution of dynamic mag-
netization via the BLS technique. The experiment was
carried out in a quasibackscattering configuration, with the
intensity of the optical reflected signal being proportional
to the square of the dynamic magnetization IBLS ∼ (m2

x)

in the optically probed region. Next, the stationary spa-
tial distribution of IBLS was obtained for different values of
spin-wave input frequency. The accumulation of the BLS
signal was collected in the same area of the virtual spin-
wave detector, which is convenient for direct comparison
with the results of the micromagnetic calculations

C. Numerical solution of Landau-Lifshitz-Gilbert and
Maxwell’s equations

Micromagnetic modeling was used to solve the prob-
lem of the excitation and propagation of SWs in a

microstructure [33–36]. Numerical calculations were used
to simulate the transient electromagnetic wave interaction
in the magnetic thin film with surface metalization by inte-
grating the Landau-Lifshitz-Gilbert (LLG) equation within
the finite-difference time-domain (FDTD) of Maxwell’s
equation solver [37]. This combined the electromag-
netic micromagnetic approach, hereafter referred to as the
FDTD-LLG method, allows the calculation of the dynamic
behavior of the magnetic moments in a magnetic mate-
rial subject to various micromagnetic energies (anisotropy,
exchange, and external fields) while naturally evaluat-
ing the transient magnetic fields inside and outside the
material from the induced magnetic charges and currents
through Maxwell’s equations [38]. Thus, the FDTD-LLG
approach has gained increasing attention for modeling and
simulation of conductive magnetic structures [39].

For a damping and dispersive material, Maxwell’s equa-
tions are given by

{
∂ �B
∂t = −∇ × �E,

ε ∂
��E
∂t = ∇ × �H − σ �E,

where �H is the magnetic field, �E is the electric field, ε is
the permittivity, σ is the electrical conductivity, and t is the
time. The magnetic flux density �B is related to the mag-
netization in a magnetic material through the constitutive
relation: �B = μ0( �M + �H), where μ0 is the permeability of
free space and �M is magnetization. The LLG equation with
the Gilbert-damping term was used to model the dynamic
magnetization in response to an effective torque field �Heff
and is given by [40,41]

d �M
dt

= −|γ |[ �M × �Heff( �M )] + α

Ms

[
�M × d �M

dt

]
, (1)

where γ is the gyromagnetic ratio, α is the phenomenolog-
ical Gilbert-damping parameter, and | �M | = �Ms is the sat-
uration magnetization. The small deviations due to orbital
contributions will not change the results and conclusions
of this paper and will only lead to small shifts in the cal-
culated resonance frequencies. The effective field is given
by

�Heff( �M ) = �H0 + �H( �M )+ �Hex( �M )+ �Hk( �M ), (2)

where �H0 is the external magnetic field, �H( �M ), the
Maxwell field, �Hex, the exchange field, and �Hk, the
anisotropy field.

In order to reduce the SW reflections from the bound-
aries of the whole computational domain, an absorbing
boundary condition in the form of a perfectly matched
layer [37,42] with an exponentially decreasing damping
parameter α was introduced. The excitation sources of
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the spin-wave signal located immediately adjacent to the
absorbing boundary-layer region. At the end and both sides
of the T-shaped structure, the SW detection regions were
placed symmetrically with respect to the ξ axis as the
output sections P1 and P2, P3 and P4, as shown in Fig. 1.

The magnetization of the finite-width waveguide struc-
ture along the long axis and the propagation of spin
waves collinear or noncollinear to the direction of mag-
netization forms the conditions for the excitation of the
backward-volume magnetostatic spin waves (BVMSWs).
Hence, SWs propagating in the section S1 corresponded
to BVMSW [43]. The input SW signal in the area of the
microstrip antenna was generated by applying, along the x
axis, a cw magnetic field b0(t) = b0 sin(2π ft). Next, two-
dimensional maps of the SW intensity distribution were
constructed using the calculated dynamic magnetization
components mx,y,z in the computational domain.

III. RESULTS AND DISCUSSION

First we investigated the distribution of SWs in the
T-shaped structure using the BLS technique. Stationary
spatial distribution of IBLS was obtained for the SW to
reveal the mechanism of spin-wave transmission in the
T-shaped structure at a frequency of f = 5.15 GHz in

Figs. 2(a) and 2(b). The spatial distributions demonstrate
nonsymmetrical propagation SW with respect to the longi-
tudinal symmetry of the ξ axis depending on the direction
of the H0. In Figs. 2(a) and 2(b), two specific regimes
of SW propagation are shown: superdirected beams of
spin waves propagating under and reflected from the metal
stripe. The inclination of the spin-wave beam angle ψ±
between the group velocity �V and the external magnetic
field �H0 are schematically shown by the dashed curve. SW
signal detected in the region 2.0 < z < 3.75 mm transmit-
ting by the superdirected beams of spin waves propagated
at angles ψ− for (y < 0) and ψ+ for (y > 0). In the other
case, the spin-wave beam was reflected from the area under
the metal stripe at angles ψ+(y > 0) and ψ−(y < 0) and
demonstrated the propagation of the spin-wave front along
the metallized area in the range 1.0 < z < 2.0 mm.

Furthermore, the BLS measurements were used to
obtain the relative spin-wave power, which was trans-
mitted with the spin-wave beam to the area of output
antennas Pn, where n is the port number, depicted in
Fig. 1, while the exact position of these areas is shown
in Fig. 2(a). Figure 2(c)–2(f) shows dimensionless param-
eters Pn/P (n = 1, 2, 3, 4) as output signal power for
negative and positive directions of the uniform external
magnetic field �H0. The dimensionless parameters Pn/P

(a)

(b)

(c)

(d)

(e)

(f)

(arb. units)

FIG. 2. Spatial distribution of the BLS signal obtained from the GGG side at the frequency f = 5.15 GHz for the negative (−)
(a) and positive (+) (b) directions of the external magnetic field �H0. Metal stripes are sputtered at the reverse side of the film. (c)
Dimensionless parameters Pn/P (n = 1, 2) as output signal power for negative (c) and positive (d) directions of the external magnetic
field �H0. Dimensionless output signal power Pn/P (n = 3, 4) reflected from the metallized area for negative (e) and positive (f)
directions of �H0.
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(n = 1, 2) and Pn/P (n = 3, 4) are the BLS signals
obtained as P = P1 + P2 and P = P3 + P4, respectively.
Next Pn will be referred to as the BLS intensity inte-
grated over the areas Pn. The size of each region (port)
was 0.03 × 3 µm2 for P1,2 and 1 × 0.03 µm2 for P3,4. If
magnetic field �H0 directed along the negative orientation,
the value of P2/P increases with increasing the frequency
[Fig. 2(c)]. In the same time, the relative value of the power
received at the output P2 decreases. When the magnetic
field �H0 orientation is reversed the ratio P2/P decreases
and P1/P increases with the frequency increase [Fig. 2(d)].
Spin-wave intensity of spin-wave beams reflected from the
metallization area and propagated in the waveguide chan-
nel to the position of the output ports (antennas) P3 and P4
depicted in Figs. 2(e) and 2(f).

The analysis of the data provided in Figs. 2(c)–2(f)
demonstrates the regime of spin-wave power division with
the simultaneous outputs from both P2 and P3 at the
�H0 ↑↓ z and from ports P1 and P4 at the �H0 ↑↑ z. At

the same time, with the increase of the input signal fre-
quency, the intensity at side ports P3 and P4 decreased
while the spin-wave intensity at the position of the for-
ward ports P1 and P2 increased. In the case of BVMSW,
the frequency increase leads to the decrease of the wave
number [2,43,44], thus the observed situation corresponds
to the case when the SWs with shorter wavelengths are
reflected in a more pronounced way than the long wave-
length signal. Figure 2(e) shows the dispersion of BVMSW
[44] in the frequency range of the BLS experiment. The
yellow areas in Figs. 2(c)–2(f) indicate the regions cor-
responding to the longitudinal wave numbers, which are
kzi = iπ/Dc, where i = 1, 2, 3. This can explain the mod-
ulation of the signal intensity in Figs. 2(e) and 2(f). Thus,
a more pronounced reflection occurs for wave numbers in
the kzi range. At the same time, a possible reason for the

f1,2,3 frequency shift in the signal maxima between ports
P3 and P4 is the nonreciprocal behavior of the spin-wave
packet generated by the transition region between sections
S1 and S2. A more detailed discussion of the nonreciprocal
features of the spin-wave packet is given in Sec. IV.

To elucidate the formation of the waveguide chan-
nels between the edge of the YIG film and metal stripe,
the micromagnetic simulations were performed. Figure 3
showed the results of the numerical simulations was per-
formed in the MaxLLG [45]. In Ref. [41], an algorithm
for calculating the discrete LLG equation was developed
taking into account anisotropy and exchange fields inside
the FDTD grid, which is used in the MaxLLG code. Over-
all experimental results are well matched by measured SW
intensity maps of numerical calculations in MaxLLG. It
should be noted that in Fig. 3, the x axis is turned in the
opposite direction, which is due to the fact that in the BLS
experiment the metal stripe is on the reverse side of the
magnetic film. Increasing the excitation frequency of the
SW signal leads to smaller excited wavelengths in section

S1 and consequently to a stronger superdirected beam of
the SW signal after leaving the metallized region. Exci-
tation of the spin-wave signal at low frequencies leads
to a smaller amplitude of magnetization oscillations at
the S1 output section (Fig. 3). This finding is consistent
with the splitting trend shown in Fig. 2(c). Micromagnetic
investigations agree well with the results of the BLS mea-
surements [Fig. 2(d)] of the incident and transmitted power
intensity ratio. In the simulation, the micromagnetic data
were normalized to be in the same scale as the BLS data.
Figure 3(e) shows the BVMSW dispersion depicted the
position of frequency regions R1, R2, and R3, where the for-
mation of standing spin wave between the junction section
and metal stripe is expected at the wave numbers kz1, kz2,
and kz3.

Next, we consider the symmetry of the geometrical
and material parameters along with the symmetry of the
profiles of spin-wave amplitudes. The term “translational
symmetry” was used since the magnonic waveguide could
be considered as a system that supports the propagation of
spin waves along the defined z direction. Waveguide could
be formed as the translational motion of the rectangular
cross section s × w1 along the z axis. “Broken transla-
tional symmetry” means that the considered structures are
formed as the junction of the two finite-width magnonic
waveguide of widths w1 and w2 (w2 > w1). In the vicinity
of the junction area, the wave packets with the transversal
wave numbers −π/w1 < ky < π/w1 are excited and prop-
agated along the S2 section. This provides the opportunity
to split the spin-wave power to realize the frequency-
dependent effect of spatial separation of spin-wave beams
and the power division at the same time [25,26,46,47].

The structure is symmetric with respect to the longi-
tudinal z axis. In the T-shaped junction the spin-wave
beam formation is observed as two separated causticlike
beams, which have symmetrical intensity profiles I(y, z) =
I(−y, z), where I(y, z) = ∫ s

0 I(x, y, z)dx, if y = 0 corre-
sponds to the position of the symmetry axis. If the bias
external magnetic field is pointed along the longitudinal
direction of the T-shaped junction the spin-wave amplitude
profile in x direction (along film thickness) is nonsymmet-
rical with respect to the z axis [2,43]. This means that
for the two spin-wave beams and observed even earlier
in other experiments [25,26,46,47], the spin-wave profile
I(x, y, z) is nonsymmetrical with respect to the z axis if
the backward volume magnetostatic wave is excited in the
narrow part of the T-shaped structure. Thus we have the
symmetry of the structure material and geometrical param-
eters with respect to the z axis and the asymmetry of the
spin-wave profiles with respect to the same z axis. If the
H field and average equilibrium magnetization is directed
orthogonal to the symmetry z axis (placed at y = 0)
the spin-wave profiles will be symmetric I(x, y, z) =
I(x, −y, z). The nonreciprocal behavior manifests itself in
the area where the metal stripe is placed above section S2.
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FIG. 3. Spatial distribution of intensity of the mx(y, z) com-
ponent of dynamic magnetization at the negative direction of
external magnetic field �H0 at (a) f = 5.15 GHz, (b) f = 4.95
GHz, and (c) f = 5.10 GHz calculated in MaxLLG; (d) BLS
map of dynamic magnetization I(z, y) at f = 5.10 GHz demon-
strating the channeling beneath the metal stripe and through the
area between metal and the edge of the YIG. All data are shown
for H0 = 1.2 kOe; (e) dispersion of BVMSW and position of
longitudinal wave numbers kz1,2,3.

The presence of nonreciprocal effects in the studied
symmetric structure leads to a mirroring of the spatial
distribution of the spin-wave intensities relative to the ξ
axis. The asymmetric propagation of the spin-wave beams
under the influence of nonreciprocity makes it possible to

construct a device controlled by an external magnetic field
direction in which SW propagation direction changes.

IV. ANALYTICAL CALCULATIONS

Analytical calculations have been carried out to explain
the principle of the nonreciprocal mechanism of spin-wave
propagation in a partially metallized T-shaped waveg-
uide. Isofrequency dependences (see Appendix) have been
obtained for the fundamental mode of the BVMSW, when
the vector of the uniform magnetic field H0 is directed
along the z axis.

Let us consider in more detail the propagation of
BVMSW at frequency f = 5 GHz in a T-shaped structure.
Since the width of the S1 section is comparable to the SW
wavelength, according to the Huygens principle, a suffi-
ciently wide set of BVMSW wave vectors �k is oriented at
angles ϕ from the range of values 90◦ < ϕ < 270◦. These
correspond to the orientation of group-velocity angles ψ
in the range −43.15◦ < ψ < 43.15◦ [Figs. 4(a) and 4(b)].
Part of the energy used to excite the wave vectors k near the
vector k0 (ϕ = 180◦), which is opposite to the z axis, prop-
agates rapidly across the film surface, since for BVMSW
with wave-vector orientation ϕ ∼ 180◦, the value

σ = |dψ
dϕ

dϕ|,

which determines the diffraction spread of the BVMSW
beam, is very large [Fig. 4(c)]. It should be noted that the
dependenceψ(ϕ) also determines the diffraction properties
of the SW wave beams, in particular, the relative angular
width σ of the SW beam according to Eq. (38) in Ref. [8].
Therefore, we cannot observe a significant concentration of
the BVMSW energy in the direction of the z axis: already
at a distance of about 1 mm from the end of the finite-
width section of the T-shaped structure, the amplitude of
the BVMSW is small, as can be seen in Figs. 2(a) and 2(b).

The superdirectional propagation of BVMSW is real-
ized with wave vector �k oriented at angles ϕs2 = 156.2◦
and ϕs3 = −156.2◦ in directions ψs2 = 43.15◦ and ψs3 =
−43.15◦, respectively. Spin-wave propagation occurs in
the directions ψs2 = 43.15◦ and ψs3 = −43.15◦, because
when ϕs2 and ϕs3 wave vectors ks2 and ks3 are oriented,
the value of the relative angular width σ = 0 [Figs. 4(b)
and 4(c)]. This fact significantly affects the propagation of
the excited wave beams of the BVMSW: due to the absence
of diffraction divergence, the energy of the BVMSW is
localized in the ψs3 and ψs3 directions emanating from the
border S1, and practically not unfocused [see Figs. 2(a) and
2(b)] as in Ref. [48]. Note here that at the inflection points
of the isofrequency dependence, the group-velocity vectors
Vs2 and Vs3 deviate from the external magnetic field vector
�H0 by the maximum possible angles ψs2 and ψs3 (exceed-

ing the cutoff angles), and therefore the entire energy of
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(a)

(b)

(c)

(d)

GHz
GHz

GHz
GHz

FIG. 4. Theoretical calculation: (a) isofrequency dependen-
cies; (b) dependences of the angle ψ , at which the group-velocity
vector V is oriented, on the angle ϕ setting the orientation of the
wave vector k of the BVMSW. Red dots indicate the wave param-
eters at which dψ/ϕ = 0 at frequency f = 5.0 GHz; (c) the
dependences of the relative angular width of the BVMSW wave
beam σ on angle ϕ for the BVMSW; (d) the normalized distribu-
tion of the magnetic potential amplitude �n

j 0(x) for wave beams
of the first mode of the BVMSW. x = 0, x = s/2 = 5 µm, and
x = s = 10 µm coordinates, corresponding to surfaces, middle
and end of the ferrite film.

the BVMSWs excited at a frequency of f = 5 GHz in
the range of angles −43.15◦ < ψ < 43.15◦, which cor-
responds well to the energy distribution of the BVMSW
observed in the BLS experiment.

Next we consider the spin-wave beams, which could
be referred to as quasi-BVMSW beams, and propagates at

angles ψs2 and ψs3, which satisfies the condition:

|ϕs2| = |ϕs3|, |ψs2| = |ψs3|, ks2 = ks3, Vs2 = Vs3.

These wave beams are characterized by the normalized
distribution of the magnetic potential amplitude �H

j 0(x)
in the cross section of the film for each of these beams
has the largest maximum at different surfaces of the YIG
film [Fig. 4(d)] [28,49]. This means that the main part of
the energy of the wave beam propagating in the direc-
tion ψs2 = 43.15◦ is localized near the lower surface of
the ferrite film at the YIG-GGG interface [see curve 1 in
Fig. 4(d)]. At the same time, the main part of the energy of
the wave beam propagating in the directionψs3 = −43.15◦
is near the upper surface of the ferrite film [YIG-metal
interface, see curve 2 in Fig. 4(d)].

Let us now consider the characteristics of the BVMSW
for the case where the vector of the external magnetic field
H0 is directed opposite to the z axis. When the H0 direc-
tion changes, the same calculations could be carried out, in
which a different magnetic permeability tensor would be
used (with the field H0 directed opposite to the z axis),
as shown in Ref. [28,49]. However, it is easier to do
otherwise: we can assume that the characteristics of the
geometry, in which the vector H0 is directed opposite to the
z axis, are obtained as a result of rotating the isofrequency
dependences of the BVMSW (together with the vector
�H0) around the coordinate center per 180◦. In the same

coordinate axis (ky , kz), the rotation of the isofrequency
curves [Fig. 4(a)] leads to the isofrequency configuration
describing this geometry.

As a result of such a rotation, the place of the wave vec-
tors ks2 and ks3 and the group-velocity vectors Vs2 and Vs3
will be occupied, respectively, by the vectors ks4, ks1, and
Vs4, Vs1, which (together with their orientations ϕs4, ϕs1,
ψs4, and ψs1) will now determine the properties of superdi-
rectional wave beams excited by the junction between S1
and S2 sections of the T-shaped structure. In the direction
ψ = 43.15◦ denoted in Fig. 2(b) a superdirectional wave
beam is propagated. In this case, the normalized distribu-
tion of the magnetic potential amplitude�n

j 0(x) determines
the angle ϕs4 = −23.8◦ and therefore the main part of
the energy of this beam will be localized near the upper
surface of the film at the YIG-metal interface [curve 2
in Fig. 4(d)]. Similarly, in the direction ψ = −43.15◦ in
Fig. 2(b) a superdirectional wave beam is propagated, with
the distribution �n

j 0(x) determines the angle ϕs1 = 23.8◦,
and the main part of the energy of this beam will be local-
ized near the bottom surface of the ferrite film [see curve
1 in Fig. 4(d)]. Thus, the analysis presented above showed
that superdirectional wave beams propagating in the same
directions (ψ = ±43.15◦) on Figs. 2(a) and 2(b) differ
significantly in the distribution of the magnetic poten-
tial �n(x), the largest maximum of which is localized at
different surfaces of the ferrite film.
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In order to consider theoretically what happens when
superdirectional wave beams reach a metal stripe, let us
recall some of the previously discovered properties of the
BVMSW. Thus, in the paper [50] it was shown that an
electromagnetic wave, known in the description in the
magnetostatic approximation as BVMSW, has all six com-
ponents of the microwave electromagnetic field—three
electric Ex, Ey , Ez and three magnetic Hx, Hy , Hz both in
the ferrite layer and in adjacent half-spaces: in other words,
as a result of satisfying the boundary conditions on the sur-
face of the ferrite, both the E wave and the H wave arise in
the adjacent half-spaces, which are coupled to each other
through the ferrite plate. Although the paper [50] consid-
ered only the case of propagation of this wave along the
vector �H0, it is obvious that waves propagating in other
directions (in particular, the superdirectional wave beams
studied here) have three magnetic and three electric com-
ponents of the microwave field. Based on these results, we
can assume that when a wave beam approaches the met-
allized part of the ferrite-film surface, in which the main
part of the energy is localized near the same surface (i.e.,
this film surface has tangential electrical components of the
wave Ey and Ez), then the main part of the wave energy is
reflected from the ferrite-ferrite and metal-junction section
back into the nonmetallized part of the film. If, on the other
hand, a wave beam approaches the metallized part of the
surface of the ferrite film, in which the main part of the
energy is localized at the opposite (nonmetallized) surface
[and the tangential electrical components of the waves Ey
and Ez are sufficiently small near the metallized surface of
the film, by analogy with the dependence �n

j 0(x)], then the
main part of the wave energy passes unhindered under the
metal stripe and propagates further, and the wave reflec-
tions from the ferrite-ferrite and metal-junction section in
this case practically do not occur.

V. CONCLUSION

In conclusion, the nonreciprocal propagation of spin-
wave caustic beams in a waveguide structure with a par-
tially metallized surface was studied. It is shown that
nonreciprocal effects can find an alternative application in
the control of spin-wave signals in magnon logic devices
based even on the structures with the longitudinal symme-
try axis and broken translational symmetry. At first glance,
the nonreciprocal propagation is forbidden for the excited
backward-volume spin wave in YIG even with the metal-
lization of one of the film surfaces in contrast to the case of
the surface spin wave excited in Damon-Eshbach geometry
[2,5,43,51] but the observed spin-wave propagation regime
demonstrates a clearly defined nonsymmetrical behavior
with the symmetry axis of the structure.

The experimental method of Brillouin spectroscopy and
the numerical simulation method show the mechanisms

of controlling the spin-wave signal in a T-shaped junc-
tion. The analytical estimation of the spin-wave beam
group-velocity direction and the wave profile elucidate
the reflection mechanism of spin-wave-beam and explains
the nonreciprocal behavior of the spin-wave demultiplexer
regime. It is shown that partial surface metallization can
provide a tunable magnonic beam-splitter element based
on the spin-wave caustics separation. Moreover, the unidi-
rectional channeling of spin waves in the region between
the metallized layer and the edge of the magnon plate
allows the realization of the regime of signal propaga-
tion in the direction orthogonal to the initial direction
of spin wave. The proposed structure can be used as a
functional element of signal separation and channeling in
planar topologies of magnonic networks.

The data that support the findings of this study are avail-
able upon request from the authors. Interested readers can
reproduce results of magnetic structure simulation by using
the version of software at Ref. [45].
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APPENDIX

1. Diffraction divergence of the spin-wave beam and
isofrequency characteristics

The dispersion equation describing the BVMSW modes
[Eq. (6) in Ref. [8]] in a free ferrite film in the polar
coordinates could be set as

k = 1
αs

[
(n − 1)π + arcctg

(
1/μ+ cos2 ϕ+μ⊥ sin2 ϕ

−2α

)]
,

(A1)

where μ⊥ = (μ2 − ν2)/μ, μ = 1 + ωMωH/(ω
2
H − ω2),

and ν = ωMω/(ω
2
H − ω2) are components of the magnetic

permeability tensor of ferrite, ωH = γH0, ωM = 4πγM0,
ω = 2π f , γ are the gyromagnetic constants, H0 is the uni-
form magnetic field, 4πM0 is the saturation magnetization,
α =

√
− cos2 ϕ/μ− sin2 ϕ, ϕ is the angle between �k and

the z axis, and n is the mode number (n = 1, 2, 3, . . .).
Based on Eq. (A1), the isofrequency dependence k(ϕ)

can be calculated explicitly for the BVMSW with any
fixed frequency f . At the same time, in the Cartesian
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coordinate system ky = −k sinϕ, kz = k cosϕ the isofre-
quency dependence kz(ky) could be obtained. Figure 4(a)
shows the isofrequency dependences for the first mode
of BVMSW calculated by Eq. (A1) for different frequen-
cies at the orientation of the homogeneous magnetic field
vector H0 along the z axis.

From the isofrequency dependences shown in Fig. 4(a),
it is impossible to determine precisely the angle ψ between
the group-velocity vector ν and the z axis (this angle deter-
mines the direction of energy transfer by the wave beam).
It is known that this angle, described by the expression,

ψ = arctg
∂kz

∂ky
+ nπ , (A2)

can be calculated using Eqs. (20)–(24) given in Ref. [49].
Note that at n = 0 the values of ψ will correspond to the
isofrequency curves lying below the ky axis in Fig. 4(a),
and at n = 1, the isofrequency curves lying above the ky
axis. The calculated dependences of ψ(ϕ) corresponding
to the isofrequency dependences in Fig. 4(a) are shown in
Fig. 4(b).

As shown in Ref. [8], the dependence ψ(ϕ) also deter-
mines the diffraction properties of SW beams. In particular,
the angular width of the beam in an anisotropic medium

ψanis determined by the formula (see Sec. 9 in Ref. [8])


ψanis = λ0

D

∣∣∣∣dψ
dϕ
(ϕ0)

∣∣∣∣ , (A3)

where D is the length of the exciter (e.g., the transducer
exciting the SW), λ0 is the length of the excited SW, and
a is the curvature of the isofrequency dependence at the
point to which vector �k, oriented at an angle ϕ0, is directed.
In isotropic media, where the isofrequency dependence of
the wave is a circle, and the vector �k and the correspond-
ing vector �V (the normal line of the circle) are always
co-directional, the dependence ψ(ϕ) has the form ψ = ϕ,
and, therefore, the relation ψ/ϕ ≡ 1 is satisfied. Thus, for
isotropic media, expression (A3) transforms into


ψisotr = λ0

D
, (A4)

which defines the Rayleigh solvability criterion and is used
to estimate the angular width of a beam (of light or other
waves) in isotropic media. The degree of diffraction diver-
gence of a beam in an anisotropic medium is conveniently
characterized by calculating the value σ

σ = 
ψanis


ψisotr
= 
ψanis

λ0/D
=

∣∣∣∣dψ
dϕ
(ϕ0)

∣∣∣∣ . (A5)

In the physical sense, the value σ , defined by formula
(A5), is the relative angular width of the diffraction ray

and shows how many times the angular width 
ψanis of
some ray in an anisotropic medium is larger or smaller
than the width
ψisotr of a similar ray (with the same λ0/D
ratio) in an isotropic medium. As can be seen, the value
of σ depends only on the curvature of the isofrequency
dependence of the wave dψ/dϕ. Since for isotropic media
dψ/dϕ ≡ 1, it follows from Eq. (A5) that for these media
σisotr ≡ 1. Therefore, to estimate the degree of diffraction
divergence of a ray in an anisotropic medium, it is enough
to compare the value σ calculated for it with unity: how
many times σ will be greater (or less) than unity, so many
times the diffraction divergence of the ray will be greater
(or less) than in isotropic media.

The calculated dependencies σ(ϕ) corresponding to
the dependencies in Figs. 4(a) and 4(b) are presented in
Fig. 4(c).

2. Profile of the magnetic potential

Also, in the further analysis, we need to calculate the
distribution of the magnetic potential of the BVMSW �

(which determines the energy distribution of the BVMSW)
along the x axis perpendicular to the plane of the ferrite
film. As is known, the magnetic potential of the BVMSW
�j inside and outside the film (j = 1, 2, or 3) can be writ-
ten in the form �j = �j 0 exp(−ikr), and the amplitudes of
the potential �j 0 in each medium describe the expressions
[see Eq. (7) in Ref. [28]]:

�10 = B
[

1 + ν sinϕ
αμ

sin(αks)+ cos(αks)
]

exp(ks − kx),

�20 = B
[

1 + ν sinϕ
αμ

sin(αkx)+ cos(αkx)
]

,

�30 = B exp(ks − kx),
(A6)

where B is an arbitrary coefficient (which can be set equal
to one). The dependence of the normalized amplitude of
potentials on the coordinate x will be calculated by the
formula

�n
j 0(x) = �j 0/(�20max), (A7)

where �20max is the maximum value of the |�20max| in
the range 0 < x < s (see Ref. [50] for details). Expres-
sions (A6) and (A7) allow us to calculate the dependence
for fixed values of f , k, and ϕ satisfying the dispersion
equation, Eq. (A1).
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