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ABSTRACT

In this supplementary material we provide information about the micromagnetic simulation of the phase-to-intensity conversion
applied to an all-magnonic majority gate performed by MuMax3. In addition, it describes the procedure used to determine the
spin-wave wave vector in the experiment.

Micromagnetic simulation of the phase-to-intensity conve rsion applied to an all-magnonic majority gate
As sketched in Fig. 3 (a) in the manuscript, the studied gate consists of three spin-wave inputs where the logic information
is encoded in phase-offsets of the incident spin waves1,2. In the output waveguide, the majority function is directlyrealized
via the interference of the input waves, i.e., the majority of the phase of the input waves determines the phase of the output
signal wave. The corresponding truth table is shown in Tab.S1. As can be seen from the table, if the majority of the inputs
corresponds to a logic 0, the output is 0, whereas it is 1 if themajority of the input values is equal to a logic 1.

The simulations of the majority gate have been performed using the micromagnetic simulation tool MuMax33. An area
of 40× 5µm2 is simulated in thex− y-plane with a discretization into 4096× 512 cells. Perpendicular to thex− y-plane
(z-direction), one cell of a fixed thickness of 100nm is assumed, representing the homogeneous magnetization across the
thickness of the magnetic film.

To model the gate, the material parameters of the ferrimagnetic insulator yttrium iron garnet (YIG), a material which
excels due to its extra-ordinarily low spin-wave damping, have been used4: Saturation magnetizationMs = 140kAm−1,
Gilbert dampingα = 0.0005 and an exchange constant ofAex = 3.5pJm−1. In contrast to Ni81Fe19, YIG allows for a long-
range spin-wave propagation and enables the performance ofcomplex interference experiments since the spin-wave decay
length in YIG greatly exceeds the spin-wave wavelength. Recently, the experimental realization of spin-wave excitation and
propagation in microstructures made from thin YIG films was reported4–8, promising the successful application of magnonic
networks made from YIG on the microscopic scale.

The gate consists of three 1µm wide, 15µm long input waveguides which are merged into a 25µm long, 1µm wide
output waveguide. An external field ofµ0Hext = 50mT is applied along the long axes of the waveguides. In eachinput,
propagating, coherent spin waves are continuously excitedat a frequency offs = 2.8GHz with well-defined initial phases.
The excitation in the input waveguides is modelled by means of coplanar waveguides (CPW, not shown in Fig. 3 (a) in the
manuscript). The simulated CPWs feature a width ofwCPW = 800nm and a thickness ofhCPW = 250nm of the current
carrying wires with a centre-to-centre distance ofdCPW= 1µm. They are situated at a distance of 7µm from the beginning of
the combiner region in which the three inputs are merged. Thespin-wave dispersion relations of the lowest waveguide modes
n= 1 (fundamental mode) -n= 3 in the 1µm wide inputs and the output are shown in Fig.S1, together with the spin-wave
wave vectork|| ≈ 9.43radµm−1 excited by the CPWs extracted from the micromagnetic simulations. As can be seen, the
dispersion of the moden = 2 lies well above this frequency, which ensures that only themoden = 1 can propagate in the
waveguides, in accordance with the mode-selectivity mechanism employed in Ref.1.



Figure S1. Spin-wave dispersion relation of the three lowest waveguide modesn= 1 (fundamental mode) -n= 3. The
dispersion has been calculated following Ref.14, using the material parameters stated in the text and an effective waveguide
width weff = 1.13µm, which accounts for dipolar pinning and the exchange interaction15.

The readout is mimicked by integrating the spin-wave intensity 10µm behind the combiner over a 1µm wide and 500nm
long (y-direction) rectangle. To obtain the output atfs = 2.8GHz, the acquired temporal dynamics of the out-of-plane magne-
tization componentmz have been Fourier transformed, filtered in frequency, and, by inverse FFT, these filtered data were con-
verted into time traces. This procedure is not needed to observe the phase-to-intensity conversion discussed in the manuscript.
It is helpful, however, in order to acquire the clean temporal temporal dynamics at 2.8GHz.

To apply the phase-to-intensity conversion to a spin-wave based majority gate, it has to be kept in mind that the phase-
dependent amplification of the parametric amplifier is invariant to a change in the signal spin-wave phase byπ. In the
majority gates presented in Refs.1,2, an offset of the spin-wave phase of∆φs,0 = 0 was associated with a logic 0 and an offset
of ∆φs,0 = π was associated with a logic 1. Hence, for the compliance withthe phase-to-intensity conversion by parallel
pumping, the encoding and its interpretation have to be adapted. If a logic 1 is encoded in a phase-offset of∆φs,0 = 0.5π and
with equal amplitudesA of all three waves entering the output waveguide, their interference results in:

A000= 3Asin(φ(y, t))
A111= 3Asin(φ(y, t)+0.5π) = 3Acos(φ(y, t))
A100= A010= A001= 2Asin(φ(y, t))+Acos(φ(y, t))

=
√

5Asin(φ(y, t)+atan(0.5))

A110= A101= A011= 2Acos(φ(y, t))+Asin(φ(y, t))

=
√

5Asin(φ(y, t)+atan(2)).

(1)

With the resulting phase offsets∆φs, the truth table Tab.S1 can be reproduced if all phase-offsets in the output waveguide
which are above and below 0.25π are treated as logic 1 and 0, respectively.

To demonstrate this working principle of the majority function, the output of the majority gate in the absence of parallel
pumping is shown in Fig.S2 (a). The figure shows the time-resolved amplitude of the dynamic out-of-plane magnetization
componentmz at fs = 2.8GHz in the detector-region during one oscillation period for all possible input combinations of the
majority gate. As can be seen from the figure, 000 (green curve) and 111 (blue curve) are shifted in phase byπ/2. All other
input combinations feature phase-offsets at intermediatevalues ((0.14±0.02)π and(0.36±0.02)π, respectively) which are
in excellent agreement with the expectations according to Eqs. 1. Thus, by treating the phase-offset as a continuous variable
and by discriminating a logic 0 and 1 around a threshold phase-offset of 0.25π, the majority operation is maintained.

To model the phase-to-intensity conversion by non-adiabatic parallel pumping, a 200nm wide, 250nm thick micro-strip-
antenna has been simulated at a distance of 7µm behind the combiner region. Since the gate - besides the combiner - consists
of longitudinally magnetized spin-wave waveguides, such amicro-strip-antenna can be used as a localized source of a mi-
crowave Oersted field properly oriented for parallel pumping9. The width of this antenna is well below the wavelength
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Table S1. Truth table of the simulated majority gate, stating the output values of the gate for all possible input combinations.
The values in brackets represent the resulting phase-offset ∆φs of the signal spin waves in the output waveguide extracted
from a simulation without parallel pumping. A logic 0 in the input is encoded into a phase-offset of 0 and a logic 1 into a
phase-offset of 0.5π. All phase-offsets in the output larger than 0.25π are identified with a logic 1.

Input 1 Input 2 Input 3 Output

0 0 0 0 (0.0π)
1 0 0 0(atan(0.5)≈ 0.15π)
0 1 0 0(0.15π)
0 0 1 0(0.15π)

1 1 0 1(atan(2)≈ 0.35π)
1 0 1 1(0.35π)
0 1 1 1(0.35π)
1 1 1 1 (0.5π)

λs≈ 666nm of the signal waves excited in the inputs. Thus, the parametric amplification is non-adiabatic. A microwave pulse
with an amplitude ofµ0h̃2 f = 62mT, a duration of∆tp = 30ns and with a carrier frequency offp = 2 fs= 5.6GHz is modelled,
starting att = 180ns after the spin-wave excitation. This starting time ensures that the spin-wave amplitude is stationary in
the output waveguide before the pumping is applied.

FigureS2(b) shows the resulting time-resolved spin-wave intensityat fs= 2.8GHz integrated over the detector region for
all possible input combinations. The intensity has been normalized to the maximum intensity reached for optimum amplifica-
tion. The maxima of these time-traces are shown in Fig. 3 (b) in the manuscript. As expected, the pumping leads to a strongly
phase-dependent amplification of the signal spin waves, where four distinct maximum intensity levels can be distinguished
depending on the input-combination of the gate. The levels larger than 0.5 correspond to the full and partial majority of logic 0,
whereas the levels below 0.5 correspond to the partial and full majority of logic 1, respectively. Thus, by setting the threshold
to distinguish between majority 0 and 1 at half of the intensity of the full majority of 000, the majority function is translated
into a spin-wave intensity. Moreover, by a readout of the absolute value of the intensity, it is possible to distinguish whether
the majority was full (i.e., 000) or only partial (i.e., 010), since the overall intensity is proportional to the number of inputs
with proper phase with respect to the pumping. In the inset ofFig. S2(b), the phase of the pumping has been shifted byπ, so

Figure S2. a) Time-dependence ofmz at fs = 2.8GHz at the detector for all input combinations of the gate inthe absence of
parallel pumping (t ≈ 180ns). A phase-offset above 0.25π is identified with majority 1. b) Time-dependent intensity at
fs = 2.8GHz in the detector region in the presence of parallel pumping. The inset demonstrates the effect of a shift of the
pumping phase byπ.
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that spin waves with a phase of 0.5π are preferably amplified. Consequently, the intensities become inverted and the largest
intensity corresponds to a full majority of logic 1 (111). The error bars in Fig. 3 (b) in the manuscript contain the inaccuracy
of the pumping phaseφp,0 as well as the error in∆φs,0 visible in Fig.S2(a) due to small differences in phase and amplitude
between the central and the outer inputs (cf., e.g., 010 and 100). Within this error, the analytical description is in reasonable
agreement with the simulated values of the output intensity(cf. Fig. 3 (b) in the manuscript). This demonstrates the ability to
translate the majority information into a spin-wave intensity by parallel pumping.

Determination of spin-wave wavelength
Since the spin-wave wavelength ofλ = 13.5µm at the external bias fieldµ0Hext = 63mT used in the experiment exceeds the
exponential spin-wave amplitude decay length of about 3µm significantly, the wavelength has been determined by a two step
process: First the spin-wave wavelengths at smaller valuesof the externally applied bias field have been determined. These
values have been used to fit the spin-wave dispersion relation. Consequently, the wavelength atµ0Hext = 63mT has been
extracted from this dispersion relation.

Two different methods have been used to determine the spin-wave wavelength: The wavelengths were either extracted from
the stationary intensity pattern arising from the interference of the spin waves with frequency-modulated light provided by
an electro-optical modulator (i.e., the working principleof phase-resolved BLS10,11) or from the interference of two counter-
propagating spin waves12. In the latter case, the spin waves running towards the antenna have been created by anadiabatic
parallel pumping process, which takes place if the spin-wave wavelength is smaller than the spatial size of the amplifier13.
FigureS3 (a) shows the interference patterns obtained from these twomethods at an external bias field ofµ0Hext = 50mT
together with fits modelling the interference and the exponential decay. Both fits yield a spin-wave wavelength of about 5µm
(and an amplitude decay length of about 2.8µm). FigureS3(b) shows the experimentally determined wavelengths together
with a fit of the dispersion relation resulting in a saturation magnetizationMs = 810kAm−1, thicknessd = 37nm, effective
width weff = 3.6µm, demagnetization fieldµ0Hdemag= 6mT and exchange constantAex = 13pJm−1. From this curve the
wavelength atµ0Hext63mT, i.e.,µ0Heff = 57mT is determined toλ = 13.5µm (k|| = 0.47radµm−1). It should be noted that
these measurements also proof that the parametric amplifiercan be operated in the adiabatic regime13 by a change of the
applied bias field or the pumping frequency. In this regime ofparametric amplification, the effective wave vector provided
by the localization is not large enough to allow for the creation of co-propagating waves. Consequently, the output of the
amplifier is independent of the relative phase between the signal spin waves and the pumping field.

Figure S3. a) Exemplary stationary intensity patterns arising from the interference of the signal spin waves with the EOM
(black) and the counter-propagating idler waves (red).y2 denotes the point from which on the counter-propagating waves
have been fitted and corresponds to the centre of the amplifier). b) Extracted values of the spin-wave wave vector together
with the analytical spin-wave dispersion relation and the extrapolated wave vector atµ0Hext = 63mT, i.e.,µ0Heff = 57mT.
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