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Abstract. The purpose of this work is to experimentally study, using the inverse spin Hall effect (ISHE), the
detection of focused beams of magnetostatic surface waves (MSSW) in integrated YIG (3.9 µm)/ Pt (4 nm) thin-
film microstructures, where the focusing effect was ensured by the curvilinear shape of the exciting antenna. Make
a comparison with the case of detecting MSSWs excited by a rectilinear antenna. Methods. Experiments were
carried out using the delay line structures based on the YIG/Pt. The amplitude-frequency characteristics of the
YIG/Pt structure and the frequency dependence of the EMF (𝑉 (𝑓)) induced in platinum were studied. Results.
It was shown that at frequencies 𝑓 near the long-wavelength limit of the MSSW spectrum, the magnitude of the
EMF 𝑉 (𝑓) generated by a focused MSSW can be several times higher than the values of 𝑉 (𝑓) in the case of
MSSW excitation by a common (straight) antenna. In this case, in the short-wavelength part of the spectrum,
on the contrary, the magnitude of the EMF generated by the focused MSSW beam turns out to be noticeably
smaller. This behavior is associated with chromatic aberration of the focusing antenna for the MSSW, which
manifests itself in the frequency dependence of the focal length of the antenna, which is confirmed by the results
of micromagnetic modeling. It is shown that the drop in the EMF signal generated by a focused MSSW beam in
the short-wavelength part of the spectrum is associated with the focus reaching the area of the YIG not covered
with the Pt film. In this case, the increase in 𝑉 (𝑓) in the long-wavelength region of the MSSW spectrum is
explained by an increase in the linear power density of the MSSW and the formation of caustics under the Pt
film. Conclusion. Obtained results can be used for the development of highly sensitive spin wave detectors and
the creation of spin logic devices.

Keywords: YIG /Pt structures, focusing antennas, magnetostatic surface waves, inverse spin Hall effect, micro-
magnetic modeling.
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Introduction

The problems of generation, transfer and detection of spin currents (electron angular
momentum currents) are key for spintronics [1–7]. At the same time, of particular interest from
the point of view of developing an energy-efficient element base are structures based on yttrium
iron garnet (YIG) and platinum (Pt) films, where the spin current can be transferred by spin
waves (SW) without the participation of charge motion. The effects of SW propagation and
interference in magnetic microstructures can be used to build energy-efficient logic devices [8,9],
as well as for special data processing - pattern recognition [10, 11], prime factorization [12],
magnetic particle visualization [13], spectral analysis [14]. Computational algorithms are also
being developed that use the formation of an interference pattern between coherent wavefronts
to implement non-Boolean computations [10, 11, 15–18] and methods for processing magnetic
images based on the principles of spin-wave Fourier optics [19].

The implementation of such functional spin-wave information processing devices can be
based on the principles of spin-wave optics. This involves the integration of spin-wave optics
elements (prisms, lenses, mirrors, splitters) with magnetic films [17–22]. In this case, the problem
of integrating spin-wave emitters and receivers with magnetic films, capable of effectively
generating and detecting directed beams of spin waves formed without geometric restrictions on
the waveguide medium, becomes relevant. For this purpose, point sources of spin waves [17,23–28]
and specially designed spin wave focusing antennas [21,29–32] can be used.

In YIG/Pt spintronic structures, methods based on the generation and detection of spin
current can be used to excite and detect spin waves [3–7]. In such structures, mutual conversion
of spin and electric currents can be realized due to the effects of electron-magnon scattering at
the YIG/Pt interface [33]. In this case, a constant electric current in the platinum film can lead
to the generation of spin waves due to the spin Hall effect [33, 34], and due to the inverse spin
Hall effect, the spin current can be converted back into electric current [33, 35]. Until now, spin
wave detection using the inverse spin Hall effect has been studied by excitation of spin waves by
rectilinear microstrip antennas, when spin wave focusing effects were absent [36–43]. The aim of
this work is to study the detection of focused beams of magnetostatic surface waves (MSSW) in
YIG/Pt structures.

The design of spin wave focusing antennas depends on the nature of spin wave dispersion.
Focusing elements for spin waves with isotropic dispersion (forward bulk spin waves in a
normally magnetized ferrite film) have a concave shape relative to the focus [21] by analogy with
traditional optics. In contrast, for waves with anisotropic dispersion (magnetostatic surface waves
or backward bulk magnetostatic waves) in tangentially magnetized films, the shape of the focusing
elements is convex [21, 32]. In this paper, we investigate the detection of magnetostatic surface
wave beams in a YIG/Pt structure focused using a curvilinear microstrip antenna. We compare
the detection efficiency of magnetostatic surface waves excited by curvilinear and rectilinear
antennas.

1. The structure under study and the experimental methodology

The experiments were performed with YIG/Pt structures of the magnetostatic surface wave
delay line type, their micrograph is shown in Fig. 1, a. The structures were formed on the surface
of a YIG film with a thickness of 𝑑𝑌 𝐼𝐺 ≈ 3.9 µm, saturation magnetization of 4π𝑀0 ≈ 1750 G,
epitaxially grown on a gadolinium gallium garnet substrate with a crystallographic orientation
(111). Pairs of antennas (1 and 2) with contact pads for connecting microwave microprobes were
formed on the surface of the YIG film using magnetron sputtering, photolithography and ion
etching, between which there was an area covered with a Pt film. One of the antennas had the
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Fig 1. a — The delay line structure for MSSW on the base of YIG/Pt sample where 1 and 2 — a pair of antennas for
MSSW excitation and reception, 3 and 4 — contacts for EMF measurement in Pt film with the length 𝐿 = 620 µm
and width 𝑤 = 200 µm; b — the form of straight-line antenna with the aperture 𝑏 = 250 µm and width 𝑐 = 4 µm,
the length of the contact pad 𝑎 = 300 µm; c — the form of curvilinear antenna with the aperture 𝑏 = 250 µm,
width 𝑐 = 4 µm and radius of curvature 𝑅 = 300 µm, the length of the contact pad 𝑎 = 300 µm

shape of a straight microstrip with a length of 𝑎 = 300 µm, aperture 𝑏 = 250 µm and width
𝑐 = 4 µm (Fig. 1, b). The other antenna was focusing and had a curved shape convex towards
the Pt film with a curvature radius of 𝑅 = 300 µm, aperture 𝑏 = 250 µm and width 𝑐 = 4 µm
(Fig. 1, c). The shape of the focusing antenna was calculated using the method described in [44].
The platinum film had a length of 𝐿 = 620 µm, a width of 𝑤 = 200 µm and a thickness of 𝑑Pt = 4
nm. Copper contacts (3 and 4) were made to the platinum film to measure the electromotive
force 𝑉 generated in platinum due to the inverse spin Hall effect. The model was placed in the
gap of the electromagnet so that the magnetic field 𝐻⃗ was directed tangentially to the YIG
film and parallel to the rectilinear microstrip. This corresponded to the excitation geometry of
magnetostatic surface waves [45].

The measurements were carried out according to the technique described in [40–43].
The frequency dependences of the electromotive forces 𝑉 (𝑓) obtained upon excitation of
magnetostatic surface waves by a focusing (Fig. 1, c) and rectilinear (Fig. 1, b) transducers
were compared. Due to the nonreciprocity of propagation of magnetostatic surface waves, it was
necessary to change the direction of the magnetic field 𝐻⃗ to the opposite along with the change
of the input antenna, so that in both cases the magnetostatic surface waves propagated along
the YIG/Pt interface.

2. Results and discussion

Fig. 2, a shows the frequency dependences of the transmission coefficient 𝑆12 measured
at 𝑃in = −20 dBm and 𝐻 = 939 Oe in YIG/Pt structures, where one of the antennas has a
curvilinear shape and focuses magnetostatic surface waves (curve 1 ) and where both antennas
are rectilinear (curve 2 ). It can be seen from the figure that the amplitude of the magnetostatic
surface wave signal transmitted through the model at frequencies 𝑓 < 𝑓* ≈ 4.9 GHz in the case
of excitation by the focusing antenna is higher by ≈ 8 dB than in the model with rectilinear
antennas. This is due to the fact that focusing antennas of magnetostatic surface waves are
characterized by chromatic aberration, which manifests itself in the dependence of the focal
length of the antenna on the frequency [21]. In the frequency range 𝑓 < 𝑓* ≈ 4.9 GHz, focusing
prevents the spreading of the beam of the magnetostatic surface wave and most of its power
reaches the output antenna. At frequencies 𝑓 > 𝑓* the opposite situation occurs — better passage
of the magnetostatic surface wave is observed for the case of a rectilinear antenna. This is due to
the fact that as the frequency 𝑓 increases, the focus position shifts toward the exciting antenna
and the caustics, which carry a significant part of the power of the magnetostatic surface wave
behind the focal point, bend around the output antenna (Fig. 3).
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Fig 2. Results of the measurements of frequency dependencies of the transmission coefficient 𝑆12 (a) and EMF 𝑉
(b) at 𝑃in = −20 and −10 dBm respectively, where curves 1 and 2 correspond to the cases of MSSW excitation
by focusing and straight antennas; frequency positions 𝑓* in fig. a and 𝑓** in fig. b, at which “equalization” of
curves 1 and 2 happens, are shown by dash lines

Figures 2, b show the frequency dependences of the electromotive force 𝑉 measured at
𝑃in = −10 dBm in the YIG/Pt structure, where the excitation of the magnetostatic surface
wave was carried out by focusing (curve 1 ) or rectilinear (curve 2 ) antennas. Note the oscillating
nature of curves 1 and 2. This is due to the van Hove singularities in the density of states η(𝑓) in
the spectrum of the magnetostatic surface wave at the frequencies of dipole-exchange resonances
and was discussed in more detail in [42]. It can be seen from the figure that at frequencies
𝑓 < 𝑓** ≈ 5.05 GHz in the case of a focusing antenna the signal value 𝑉 was 10–20 % greater
than in the case of a rectilinear antenna. At the frequency 𝑓** the 𝑉 values of curves 1 and 2
were equalized, and at frequencies 𝑓 > 𝑓** the electromotive force was greater in the case of a
rectilinear antenna. To explain this behavior of the 𝑉 (𝑓) dependence, let us refer to Fig. 3.

Figure 3 shows the results of micromagnetic simulation of two-dimensional maps of the
Fourier amplitude distribution of the magnetostatic surface waves wave field in the XY plane
in the vicinity of the focusing antenna (marked as 1) at frequencies 𝑓 = 4.65...4.9 GHz and at
𝐻 = 960 Oe, obtained using OOMMF [46]. The simulation was carried out according to the
approach of [32] with parameters corresponding to the experiment. It can be seen from Figure 3
that the excitation of magnetostatic surface waves by a curvilinear antenna leads to the focusing
of magnetostatic surface waves. At the same time, with increasing frequency 𝑓 , the focus position

Fig 3. Distribution of Fourier-amplitude of MSSW field excited by focusing antenna (1) in XY plane at frequencies
𝑓 = 4.65...4.9 GHz where 2 — formed caustics, 3 — position of MSSW focus (color online)
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Fig 4. Distribution of Fourier-amplitude of MSSW (a) and BVMSW (b) field excited by focusing antenna in XZ
plane (color online)

(marked as 3 in Figure 3) shifts closer to the focusing antenna, but remains on the Pt-coated
YIG film section. At frequencies 𝑓 > 4.9 GHz the focal position is between the antenna and
the YIG film region coated with Pt. As the frequency of magnetostatic surface waves increases,
the angle between the y-axis directions and the caustics (marked as 2 in Fig. 3) formed during
focusing increases.

The propagation of caustics of magnetostatic surface waves formed at the antenna edges
is mutual with respect to the optical axis of the antenna. This follows from the results of
micromagnetic modeling of the propagation of a magnetostatic surface wave, the amplitude of
which at several frequencies in the XZ plane of the YIG film cross-section is shown in Fig. 4, a. In
the case of BVMSW, the nature of caustics propagation is fundamentally different. This can be
seen from Fig. 4, b. The nonreciprocity is especially pronounced for the frequency 𝑓 = 4.5 GHz.
The distribution of the amplitudes of the "left"and "right"caustics with respect to the optical
axis is nonreciprocal — the maxima of their amplitudes are near different surfaces of the YIG
film.

Thus, the previously noted increase in the magnitude of the electromotive force signal at
frequencies 𝑓 < 𝑓** can be associated with two reasons: 1) with the formed caustics, which
reflect the increase in the density of states η(𝑓) in the spectrum of magnetostatic surface waves,
which is similar to the case of dipole-exchange resonances; 2) focusing of magnetostatic surface
waves leads to an increase in the density of the linear power of magnetostatic surface waves,
which is equivalent to the case of an increase in the input power level 𝑃in.

Conclusion

The possibility of detecting focused beams of magnetostatic surface waves excited by a
focusing curvilinear transducer using the inverse spin Hall effect is demonstrated using YIG/Pt
structures. A comparison is made of the frequency dependences of the electromotive force 𝑉 (𝑓)
induced on the contacts to Pt under conditions of focusing of magnetostatic surface waves and
under excitation by a rectilinear transducer. It is noted that the value of 𝑉 (𝑓) generated by
focused magnetostatic surface waves is significantly affected by the chromatic aberration of the
focusing antenna. It is shown that focusing of magnetostatic surface waves leads to an increase
in the electromotive force signal relative to the case of a rectilinear antenna at those frequencies
𝑓 < 𝑓** at which the position of the focus of magnetostatic surface waves is located on the
structure section covered with Pt. At frequencies 𝑓 > 𝑓**, at which the focus position is
between the antenna and the YIG region coated with Pt, the electromotive force signal, on
the contrary, decreases. The indicated increase in the electromotive force at frequencies 𝑓 < 𝑓**

can be associated with an increase in the linear power density of magnetostatic surface waves
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and caustics formed during focusing, which reflect an increase in the density of states η(𝑓) in
the spectrum of magnetostatic surface waves, which should lead to an increase in the processes
of electron-magnon scattering.
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