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Nonreciprocity of spin waves, which means the difference in amplitude depending on the direction of propagation,
provides functionality to spin wave-based devices. One of the known origins of spin wave nonreciprocity is the
asymmetry of the excitation efficiency due to the asymmetry of the out-of-plane microwave magnetic field generated
by an antenna. We investigate the magnetic field angle dependence of spin wave nonreciprocity. We find that this
nonreciprocity is due to the asymmetry of the propagation length in addition to the asymmetry of the excitation

efficiency.
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1. Introduction

Spin waves in a magnetic thin film on a substrate are
expected to be next-generation information carriers
because they can transmit information with low power
consumption without charge transfer. Furthermore, spin
waves have nonreciprocity, meaning their behavior
depends on the propagation direction. Understanding the
nonreciprocity of spin waves is directly linked to
constructing magnonic logic circuits V4.

In a magnetic thin film thinner enough than the
wavelength, a microstrip antenna's spin wave excitation
efficiency depends on the propagation direction due to
the asymmetry of the out-of-plane microwave magnetic
field, creating the amplitude nonreciprocity. The effect is
theoretically suggested to depend on the relative angle
between the direction of the propagation and the
magnetic field.
nonreciprocity when the relative angles are 90 degrees
and 0 degrees, finding that the behavior was consistent
with the theoretical suggestions 56,

In this study, we investigate the nonreciprocity at
intermediate angles and find that it reaches a local
maximum at two specific angle regions. The above
mechanism cannot explain all of this angle dependence,
implying that
nonreciprocity. By optical imaging of the spin waves, we

Previous researches investigated

another mechanism causes the

find that the spin wave propagation length is asymmetric.

Our results suggest that the nonreciprocity of the spin
waves is characterized by both the asymmetry of the
excitation efficiency and the propagation length.

2. Experiments and Results

2.1 Device preparation

Figure 1(a) shows a schematic illustration of the device
and the electrical transmission measurement system. We
first deposit 100 pm X 100 pm-sized CoFeB (50) and Ta
(2) on a thermally oxidized Si substrate using magnetron
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sputtering. The numbers in parentheses indicate the
thicknesses of the films, and the unit is nm. After that,
we deposit SiO2 (60) as an insulating layer and then
deposit two 0.5 pum -wide,
antennas for exciting and detecting spin waves. The
antennas are made of Ti (5)/ Cu (150)/ Au (20) and are
10 pm apart.

130 um -long microstrip

2.2 Electrical measurements

To investigate the nonreciprocity of spin waves
between the two antennas, we obtain the transmission
coefficients S;, and S,
analyzer (VNA) under the conditions shown in Fig. 1(a)
where an in-plane magnetic field Hpc is applied in the
direction of the angle 6 from the x-axis. To avoid
additional dissipation due to the nonlinearity of the spin
waves, we set the microwave power input from the VNA
to the antenna to —5 dBm. The frequency range for the
transmission measurements is set to 3 to 20 GHz in
11.5 MHz steps, and the IF bandwidth is set to 10 kHz.
The in-plane magnetic field puoHpc is set in the range
from 200 mT to 0 mT in 10 mT steps, and the magnetic

using a vector network

field angle 6 is set in the range from 0 to 90 degrees in
5 degrees steps. Here, p, is the vacuum permeability.
The obtained transmission spectrum is usually a
superposition of the electromagnetic wave signal (i.e.,
cross-talk) and the propagating spin wave signal. To
remove the cross-talk signal, we use the spectrum at
250 mT as a reference, which contains only the cross-talk
because the resonance frequencies of the spin waves
excited by the antenna are outside the measurement
frequency range. We obtain the spectrum of the spin
waves by subtracting the reference spectrum from all the
spectra at each magnetic field angle 6.

Figure 1(b) shows the amplitude of the spin wave
transmission spectrum measured at 8 = 90 degrees and
UoHpc = 50 mT, for example. The gray dotted and solid
lines represent the frequencies of spin waves with

1

wavenumbers of 0 and 1pum™!, respectively, calculated
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Fig. 1 (a) Experimental setup and device for observing
nonreciprocity of spin waves by electrical transmission
measurements. (b) Microwave transmission spectra under
external magnetic field pyHpc = 50 mT and angle 6 =
90 degrees. Inset shows FFT intensity I of antenna.
(c)(d) Color maps of nonreciprocity of spin waves from (c)
experiment k, and (d) theoretical model k.

from the known dispersion relation of the spin waves 7.

The result in Fig. 1(b) reflects the fact that the antenna
of this device can efficiently excite and detect the spin
waves with the wavenumbers from 0 to 1um™, as
predicted from the Fourier transform of the antenna
shape shown in the inset of Fig. 1(b). Furthermore, the
difference in the transmission amplitudes of |S,;| and
|Si2] represents nonreciprocity. We confirm that the
transmission signal of the spin waves with the

1 is dominant under

wavenumbers from 0 to 1um~
other magnetic field conditions.
To discuss the magnetic field angle 6 and magnitude
Hpc dependences of the nonreciprocity, we define the
nonreciprocity evaluated from the experiment as

|k|=1pm~1 |k|=1pm~1
Ke(gr HDC) = Zzzgudzo)um )|521| /Zzzglklzo)um )|512| Hel‘e,

we take the sum of the transmission amplitude in the
frequency range of the spin waves with the wavenumbers
k] of 0 to 1um= for each § and Hpc. Figure 1(c)
shows the nonreciprocity k, as a function of the
magnetic field magnitude pyHpc and angle 8. We omit
the data below pyHpc = 20 mT, where the magnetic thin
film's magnetic structure is multi-domain. Figure 1(c)
shows the two-angle region where the nonreciprocity
reaches the local maximum at each magnetic field

magnitude: and 30 to

60 degrees.

around 10 to 20 degrees

To study the origin of the nonreciprocity in the
experiment, we calculate the nonreciprocity x; derived
from the asymmetries of spin wave excitation efficiency
by the antenna depending on the propagation direction,
which is demonstrated in the previous studies >, and
compare it with Fig. 1(c). Based on the previous studies,
the theoretical model k,(6, Hpc) can be written as

16,4
(0 Hoo) = 37,

wg(lk|=1pm™1)
z:wa.(|k|:0)

wq(lk|=1 pm=1)
Zwa(|k|=0)

where wy =yuoM; and wy =yuoHpc. Here, y = 2m X
30 GHz/T and puoMs =1.6 T are the gyromagnetic ratio
and saturation magnetization of CoFeB, respectively. w,

Wy wesing + {w? — w?}

€y

)
Wy Wesing — {w? — wh}

is the resonance frequency of the spin waves 7 with the
wavenumber k in the given 6 and Hpc. The first and
second terms in the numerator and denominator of Eq.
(1) represent the excitation efficiency of the spin waves
excited by the in-plane and out-of-plane microwave
magnetic fields applied from the antenna, respectively.
The signs between the first and second terms, positive
and negative in the numerator and denominator,
respectively, represent the difference in the sum of the
spin wave excitation efficiency. Note that the sinf in the
first terms mean that the in-plane microwave magnetic
field component perpendicular to the equilibrium
magnetization contributes to the spin wave excitation.

Figure 1(d) is the magnetic field magnitude and angle
dependences of nonreciprocity k, calculated using Eq. (1).
The calculation uses parameter steps of 10mT for
UoHpc and 0.1 degrees for 6. By comparing Figs. 1(c) and
1(d), we find that the model agrees well with the local
maximum of nonreciprocity in the low-angle region,
around 10 to 20 degrees. However, the model does not
explain the other local maximum in the high-angle region,
around 30 to 60 degrees, in Fig. 1(c). The result suggests
the existence of another origin of the spin wave
nonreciprocity.

Generally, the amplitude of a locally excited wave at a
distance |x| from the excitation source can be expressed
as Ae /2 where A and 1 are an amplitude at the
excitation source and a propagation length, respectively.
Hence, the properties of the amplitude A and the
propagation length A of the waves propagating in
opposite directions determine the wave nonreciprocity.
For the spin waves, the existing model k, in Eq. (1) only
considers the asymmetry of the amplitude at the
excitation source A. We hypothesize that the asymmetry
of the propagation length is the origin of the local
maximum of the nonreciprocity k., in the angle region,
around 30 to 60 degrees.

The summarized

above discussion can be
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Fig. 2 (a) Optical measurement setup including
microscope image of device. (b) Distance |x| dependence
of sum of transmission coefficient amplitudes at 8 = 90
degrees, 50 mT. Solid black lines are fitting curves. (c)
Angle 6 dependence of amplitude Ay, and propagation
length A4, at 50mT. (d) Angle 6 dependence of
amplitude ratio R, and propagation length ratio R; at
|x| = 10 um, using results of (c). Yellow line represents 1.
(e) Angle 6 dependence of nonreciprocity k., k., and k'
at 50 mT.

mathematically as follows. The amplitude at the
excitation source and the propagation length of the spin
waves propagating in the +k directions are represented
by Ay, and A4y, respectively. The nonreciprocity '
resulting from the asymmetries of the amplitude and the
propagation length can be described by

_lxl EdN
Ape Mk Ay e Ak

= X .
BE I TR 1
A_pe Ak e Ak

It is expressed as the product of the ratio Ry = A, /A_x
and the ratio R, = e"¥l/4+k/e=1¥l/2-k The Kk, in Eq. (1)
only considers the asymmetry of the excitation efficiency
of the antenna and is equal to the Ry.

!

(2)

2.8 Magneto-Optical Kerr effect spectroscopy

To validate our above hypothesis, we investigate Ry,
R;, and k' using optical imaging with the heterodyne-
magneto-optical Kerr effect (MOKE) technique .

Figure 2(a) shows the schematic illustration of the optical

measurement setup. An in-plane external magnetic field
Hpc is applied in the direction of the angle 6 from the
x-axis. As in the electrical transmission measurements,
the spin waves are excited by applying microwaves to the
microstrip antenna connected to Port 1 of the VNA, and
the excited spin wave propagates in the +k directions,
which correspond to the +x directions, respectively.
From the z-direction, a linearly polarized laser beam
with a wavelength of 660 nm is input and focused on the
surface of the thin magnetic film where the spin waves
are excited. The optical spot diameter is about 2 pm. The
polarization of the light reflected from the thin film
surface, where the spin waves exist, rotates at the spin
wave frequency due to the polar Kerr effect. This
dynamic rotation is converted into dynamic intensity
modulation by passing through a half-wave plate and a
polarizing beam splitter, which is electrically detected at
Port 2 of the VNA via a photodiode.

The transmission coefficient S,; 4, is obtained at each
optical spot position x for the spin waves in the +k
directions. The antenna position is x = 0, as shown in
Fig. 2(a). The output power from the VNA is set to
—5dBm, the frequency range is 8.5 to 18GHz in
11.5 MHz steps, and the IF bandwidth is set to 100 Hz.
We use the device shown in Fig. 2(a) for optical imaging
measurements, which has a different antenna separation
distance of 25um from the device for the electrical
transmission measurements shown in Fig. 1(a). All other
designs are the same. The reason for increasing the
antenna separation distance is to suppress the effect of
the spin waves propagating in the —k direction being
reflected by the other antenna.

Figure 2(b) shows the distance |x| dependence of the
sum of the amplitude

o(k|=1 pm™?
e moy™ 1200l

UoHpc = 50 mT. The black lines show the fitting results
using Aike_xmik. The red and blue plots in the upper

transmission coefficient

under 0 =90degrees and

and lower panels of Fig. 2(c) show the magnetic field
angle dependence of the fitting parameters: the
amplitude A,, and propagation length A.,. Note that
the results for angles of less than 30 degrees are not
obtained because preliminary experiments confirm that
the spin wave excitation efficiency is low and the signal-
to-noise ratio of the optical measurement is low. Figure
2(d) shows the angular dependence of the ratio R, =

AL /A_, and R; = exp (— %) / exp (— 12_“:1), obtained

from the amplitude and propagation length obtained by
the fitting. We use |x| =10pum for R; calculation to
study spin wave propagation in the device with a 10 um
distance between the antennas, which is used in the
electrical measurement. The upper panel of Fig. 2(d)
shows that R, and the theoretical value k, agree
quantitatively. From the lower panel, R; is not always 1,
increasing at 6 = 30 degrees. These results indicate
that the propagation length is not symmetrical. As Fig.
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2(e) shows, the angular dependence of the nonreciprocity
K, from the electrical measurement is not reproduced by
the theoretical value k., represented as white lines in
Figs. 1(c) and 1(d), respectively. However, the angular
dependence of k' =R, X R;, including the propagation
length asymmetry, is consistent with that of k, above
30 degrees . The that the
nonreciprocity k, around 30degrees is due to the

results demonstrate
asymmetry of the propagation length. For the origin of
the nonreciprocity, it is essential to consider the
contributions of both the asymmetries of the excitation
efficiency and the propagation length.

Possible mechanisms of the asymmetry of the spin
wave propagation length are the following: the
asymmetry of the dissipation of the spin wave energy to
other physical systems due to the spin pumping 'V or

12-19 and the asymmetry of

the phonon-magnon coupling
the dispersion relation due to the Dzyaloshinskii-Moriya
interaction (DMI) 919, Further investigation is required
to discuss the relationship between our results and these
effects.

Comparing k' and k, at magnetic field angles of less
than 30 degrees is important for discussing the origin of
the observed nonreciprocity in more detail. For this
purpose, the future outlook is to improve the signal-to-
noise ratio of optical measurements by making spin wave
excitation antennas more efficient and enhancing optical
signals.

3. Conclusion

In this study, we investigate the angular dependence
of the nonreciprocity of the spin wave in the magnetic
thin film using electrical transmission measurements.
We find that the existence of nonreciprocity that cannot
be explained by the previously known asymmetry of the
spin wave excitation efficiency. By performing optical
imaging, we confirm that the nonreciprocity is due to the
direction-dependent spin wave propagation length.
Results obtained in this study will be helpful for future
research on information transport devices using spin
waves.
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