Spin Wave Interference Detection via Inverse Spin Hall Effect
Michael Balinskiy, Howard Chiang, David Gutierrez, and Alexander Khitun®

Department of Electrical and Computer Engineering, University of California -Riverside,
Riverside, California, USA 92521

Abstract

In this letter, we present experimental data demonstrating spin wave interference
detection using inverse spin Hall effect (ISHE). Two coherent spin waves are excited in
a yttrium-iron garnet (YIG) waveguide by continuous microwave signals. The initial
phase difference between the spin waves is controlled by the external phase shifter.
The ISHE voltage is detected at a distance of 2 mm and 4 mm away from the spin wave
generating antennas by an attached Pt layer. Experimental data show ISHE voltage
oscillation as a function of the phase difference between the two interfering spin waves.
This experiment demonstrates an intriguing possibility of using ISHE in spin wave logic

circuit converting spin wave phase into an electric signal.
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There is a big impetus in the development of spin-based logic devices aimed to benefit
spin in addition to charge '. Spin wave (SW) devices are one of the promising
approaches exploiting collective spin oscillations 2. SW can propagate on much larger
distances (e.g., 1 cm at room temperature) compared to the spin-diffusion length in
metals 3. It makes it possible to exploit the phase of SW signal for information transfer 4.
There were several prototypes demonstrated during the past decade including SW
majority logic gate 3, SW holographic memory 6, and devices for special type data
processing 7. In all of the above-cited works, SW output was detected by micro-antenna
which implies a certain restriction on the size/position of the input-output ports due to

the stray field coupling. ISHE is one of the possible alternatives which may be more



scalable and less sensitive to the direct input-output coupling. SW detection using
ISHE was presented in a number of works 8°. For instance, it was experimentally
demonstrated magnon spin transport between the spatially separated inductive pulse
spin-wave source and the ISHE detector °. The role of the traveling SW was revealed
by a delay in the detection of the ISHE voltage. Spin-wave phase into a spin-wave
intensity conversion was also accomplished via local non-adiabatic parallel pumping .
In this letter, we extend this approach to two-SW interference. The primary objective of
this work is to demonstrate the correlation between the phase difference of the

interfering spin waves and the produced ISHE voltage.

The test structure is schematically shown in Fig. 1. It comprises a 9.5 uym thick YIG
waveguide (10 mm x 2 mm) with a 10 nm thick (0.2 x 2 mm?, 374 Ohm) Pt strip
deposited on the top. The YIG waveguide is magnetized along its long axis by an
external bias magnetic field providing conditions for the propagation of a backward
volume magnetostatic wave (BVMSW). There are two 50 pm-wide Au microstrip
antennas fabricated on the edges of the waveguide. These antennas are used for
continuous SW signal generation. The antennas are intentionally placed at different
distances from the Pt detector. The distance from the left antenna to the center of the
detector is about 2 mm while the distance from the antenna on the right to the detector
is 4 mm. The asymmetry in the excitation port position helps to unmask the effect of
direct coupling on ISHE voltage. The antennas are connected to a programmable
network analyzer (PNA) Keysight N5241A. PNA serves as a common input for the both
antennas. It also allows us to detect SW signal independently from ISHE
measurements. There is a phase shifter included in the antennas-PNA circuit. This
shifter is to control the initial phase difference between the excited spin waves. The DC
ISHE voltage is detected via Lock-In Amplifier SR830 DSP which is synchronized with
sweeping frequency of PNA operating in power sweep mode.

The test structure is placed inside an electromagnet (GMW model 3472 — 70) with the
pole cap of 50 mm (2 inch) diameter tapered. The system provided a uniform bias
magnetic field 4H/H<10* per 1 mm in the range from —2000 Oe to +2000 Oe. Based on



the power source specification (KEPCO), the magnetic field instability was estimated at

about 0.15 Oe. All measurements are accomplished at room temperature.

The first set of experiments is aimed at confirming the spin wave generation by the
antennas via the inductive voltage measurements and finding the optimum operational
frequency f and at the bias magnetic field H,. Based on our prior studies of SW
propagation in YIG films "', we searched for the maximum output signal in the frequency
range from 4 GHz to 6 GHz. In Fig. 2, there are shown experimental data for S,;
parameter in the loop PNA — antenna 1 — antenna 2 — PNA. The maximum signal is
observed for f = 4.972 GHz and bias magnetic field H, = 1100 Oe. This combination of

frequency and bias magnetic field fits well the BVMSW dispersion given by '2:

fevmsw = \/fH (fH + fu 1_%;_”)) , (1)

where fy; = yH,, fy = 4myM,,y = 2.8 MHz/Oe, k~ 30 cm™! is the SW wavenumber, d
is the film thickness. The data show prominent spin wave propagation over the 10 mm

distance at room temperature.

Next, ISHE voltage produced by spin waves was detected across the Pt strip. Spin
waves are excited by the two antennas biased by PNA with the fixed frequency f =
4.972 GHz. The attenuators (e.g. A1 and A2 shown in Fig.1) were used to equalize the
amplitudes of SW signals coming to Pt detector. ISHE voltage was measured at
different bias magnetic fields. The experimental data are shown in Fig. 3. In Fig.3(a)
there is shown the dependence for magnetic field directed along the axes of YIG
waveguide as shown in Fig.1. The maximum of the ISHE voltage —5.5 uV appears at
Hy, = 1100 Oe which corresponds to the maximum of SW signal. In order to further
verify the origin of the detected voltage, the direction of the bias magnetic field has been

reversed. The electric field induced by the ISHE E, ¢, can be written as follows 13:
EISHE oc]_; X3, (2)

where J; is the spin current injected from YIG in Pt and ¢ is the spin polarization vector

of the spin current defined by the bias magnetic field H,. As expected from Eq.(2), the



reverse of the bias magnetic field resulted in the ISHE voltage polarity change as can
be seen in Fig. 3(b). The maximum of the detected voltage 4.2 uV appears at H, =
—1100 Oe. A difference in the peak ISHE voltage seen in Fig.3(a) and Fig.3(b) can be
attributed to the weak non-reciprocity of BVMSW and an asymmetrical orientation of
our device in a magnetic field. The collection of experimental data in Figs.2 and 3
confirms the origin of the ISHE voltage as a result of spin wave conversion into an

electron carried spin current.

Finally, ISHE voltage was measured as a function of the phase difference between the
propagating spin waves. Spin waves were generated by antenna 1 and antenna 2 at
constant f = 4.972 GHz. The bias magnetic field was fixed to H, = 1100 Oe. The initial
phase difference between the antennas is the only parameter that has been changed.
The obtained experimental data are shown in Fig.4. It is clearly seen the oscillation of
the ISHE voltage depending on the phase difference of interfering spin waves. The
maximum voltage is —5.5 uV which is the same as in Fig.3(a). The minimum voltage is
about —0.6 uV. This minimum voltage is attributed to the destructive SW interference
corresponding to the phase difference A¢ = m. All other phases in Fig.4 are defined to
this phase difference. The oscillation of the ISHE voltage can be well approximated by

the classical formula:

Visng = \/V12 + VZ 4 2V,V, cos(Ag) (3)

where V; and V, are the voltages produced separately by each SW. There may be
several reasons for V,gyr not coming to zero for the destructive spin wave interference
(i.e., A¢ = m). For instance, the wavefront of the SW signals may be disturbed by the

reflection from the waveguide boundaries.

There are several observations we want to make based on the obtained experimental
data. (i) ISHE voltage is produced by the interfering spin waves. This conclusion is
supported by the experimental data shown in Fig.2 and Fig.3. ISHE voltage attains its
maximum for magnetic field allowing BVMSW propagation which is in good agreement

with the results of PNA measurements (e.g., more than 10 dB increase of S,;
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parameter). The combination of frequency and bias magnetic field is well fitted by the
BVMSW dispersion (i.e., Eq. 1). (ii)) There is an ISHE voltage dependence on the phase
difference between the interfering spin waves. The voltage oscillates with the phase
difference following the classical interference formula Eq. 3. There is a prominent
difference between the maximum and minimum voltages which is attributed to the cases
of constructive and destructive SW interference, respectively. A careful comparison of
the ISHE voltage measured across Pt strip and SW intensity measured via PNA shows

that the maximum of the DC signal occurs for constructive spin wave interference.

In conclusion, we presented experimental data demonstrating the detection of two
interfering spin waves via ISHE voltage measurements. The amplitude of the voltage
oscillates depending on the phase difference between the waves. ISHE detectors may
be potentially utilized for connecting phase-based SW logic devices with output
electronic devices 6. It may be also possible to remotely control pure spin currents

using spin waves interference.
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Figure Captions

Figure 1: Schematic illustration of the experimental setup: two coherent spin waves are
excited in the YIG waveguide using two microstrip antennas. The antennas are

connected to PNA via the set of attenuators (A1 and A2) and a phase shifter. There is
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Pt stripe on top of the waveguide for ISHE voltage detection. The distances from the

strip to the antennas are 2 mm and 4 mm.

Figure 2: Experimental data showing the coupling (i.e., S21 parameter) between the
antennas depending on the bias magnetic field H,. The coupling is maximum at H, =
1100 Oe for excitation frequency f = 4.972 GHz, which is attributed to BVMSWs propagating in

the waveguide.

Figure 3: Experimental data showing the variation of the ISHE voltage depending on
the bias magnetic field. (a) Magnetic field is directed along the axes of YIG waveguide.

b)The direction of magnetic field is reversed.

Figure 4: Experimental data showing ISHE voltage oscillation depending on the phase

difference between the interfering spin waves.
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