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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 gatsists of three spin-wave inputs where the logic infororati
is encoded in phase-offsets of the incident spin whgesn the output waveguide, the majority function is direatalized
via the interference of the input waves, i.e., the majorftyhe phase of the input waves determines the phase of thetoutp
signal wave. The corresponding truth table is shown in Eb.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 ihthgrity of the input values is equal to a logic 1.

The simulations of the majority gate have been performedgusie micromagnetic simulation tool MuMak3An area
of 40x 5um? is simulated in thex— y-plane with a discretization into 4096512 cells. Perpendicular to the- y-plane
(z-direction), one cell of a fixed thickness of 100nm is assunnepdresenting the homogeneous magnetization across the
thickness of the magnetic film.

To model the gate, the material parameters of the ferrimagiresulator yttrium iron garnet (Y1G), a material which
excels due to its extra-ordinarily low spin-wave dampingyébeen uséd Saturation magnetizatiohls = 140kAm 1,
Gilbert dampinga = 0.0005 and an exchange constani®gf = 3.5pJnT L. In contrast to Ni;Feyo, YIG allows for a long-
range spin-wave propagation and enables the performancengblex interference experiments since the spin-waveydeca
length in YIG greatly exceeds the spin-wave wavelength.eRttg, the experimental realization of spin-wave exaitatand
propagation in microstructures made from thin YIG films waarted2, promising the successful application of magnonic
networks made from YIG on the microscopic scale.

The gate consists of threeuin wide, 15um long input waveguides which are merged into au#blong, 1um wide
output waveguide. An external field phhHext = 50mT is applied along the long axes of the waveguides. In égult,
propagating, coherent spin waves are continuously exeitedfrequency offs = 2.8 GHz with well-defined initial phases.
The excitation in the input waveguides is modelled by medreoplanar waveguides (CPW, not shown in Fig. 3 (a) in the
manuscript). The simulated CPWs feature a widthvgbyw = 800nm and a thickness ¢kpw = 250nm of the current
carrying wires with a centre-to-centre distanc&gfyw = 1 um. They are situated at a distance @fri from the beginning of
the combiner region in which the three inputs are merged.sphewave dispersion relations of the lowest waveguideenod
n =1 (fundamental mode)r = 3 in the 1um wide inputs and the output are shown in F&d, together with the spin-wave
wave vectork ~ 9.43 ragum~1 excited by the CPWSs extracted from the micromagnetic sirariat As can be seen, the
dispersion of the mode = 2 lies well above this frequency, which ensures that onlyntioelen = 1 can propagate in the
waveguides, in accordance with the mode-selectivity maishaemployed in Ref.
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Figure S1. Spin-wave dispersion relation of the three lowest wavegiaiddes = 1 (fundamental mode)n = 3. The
dispersion has been calculated following Refusing the material parameters stated in the text and actigffiavaveguide
width weg = 1.13um, which accounts for dipolar pinning and the exchange autison>.

The readout is mimicked by integrating the spin-wave intgri® um behind the combiner over gin wide and 500 nm
long (y-direction) rectangle. To obtain the outputfat= 2.8 GHz, the acquired temporal dynamics of the out-of-plangmaa
tization componentn, have been Fourier transformed, filtered in frequency, andnerse FFT, these filtered data were con-
verted into time traces. This procedure is not needed torebsiee phase-to-intensity conversion discussed in theustaipt.
Itis helpful, however, in order to acquire the clean temptmaporal dynamics at.8 GHz.

To apply the phase-to-intensity conversion to a spin-waset majority gate, it has to be kept in mind that the phase-
dependent amplification of the parametric amplifier is ifamrto a change in the signal spin-wave phaserbyln the
majority gates presented in Réf$, an offset of the spin-wave phaselfs o = 0 was associated with a logic 0 and an offset
of Agso = 1T was associated with a logic 1. Hence, for the compliance thighphase-to-intensity conversion by parallel
pumping, the encoding and its interpretation have to betadajif a logic 1 is encoded in a phase-offsef\gk o = 0.5Tand
with equal amplitude# of all three waves entering the output waveguide, theirfatence results in:

Agoo = 3Asin(@(y,t))

A111 = 3Asin(¢(y,t) + 0.5m) = 3Acog @(y,t))

A100= Ao10= Aoo1 = 2Asin(@(y,t)) +Acog @(y,t))
= v/BAsin(@(y,t) + atar(0.5))

A110= A101 = Ao11 = 2Acog @(y,t)) + Asin(@(y,t))
= V/BAsin(@(y,t) + atar(2)).

@

With the resulting phase offsefsp;, the truth table TabS1 can be reproduced if all phase-offsets in the output wadegui
which are above and below2brr are treated as logic 1 and 0, respectively.

To demonstrate this working principle of the majority fupat the output of the majority gate in the absence of pdralle
pumping is shown in FigS2 (a). The figure shows the time-resolved amplitude of the chyoaut-of-plane magnetization
componentn, at fs = 2.8 GHz in the detector-region during one oscillation perioddll possible input combinations of the
majority gate. As can be seen from the figure, 000 (green Fave 111 (blue curve) are shifted in phaserh{2. All other
input combinations feature phase-offsets at intermedialiges (0.14+ 0.02) T and(0.36+ 0.02) 17, respectively) which are
in excellent agreement with the expectations accordingy® E Thus, by treating the phase-offset as a continuous variabl
and by discriminating a logic 0 and 1 around a threshold pléfset of 0257, the majority operation is maintained.

To model the phase-to-intensity conversion by non-adialpatrallel pumping, a 200 nm wide, 250 nm thick micro-strip-
antenna has been simulated at a distanceuof Behind the combiner region. Since the gate - besides thbinem consists
of longitudinally magnetized spin-wave waveguides, suchiero-strip-antenna can be used as a localized source of a mi
crowave Oersted field properly oriented for parallel purgpin 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 atit@lues of the gate for all possible input combinations.
The values in brackets represent the resulting phasetdffgef the signal spin waves in the output waveguide extracted
from a simulation without parallel pumping. A logic 0 in thgut is encoded into a phase-offset of 0 and a logic 1 into a
phase-offset of 1. All phase-offsets in the output larger thar25rr are identified with a logic 1.

Inputl Input2 Input3 Output
0 0 0 0
1 0 0 O(atar{0.5) ~ 0.15m)
0 1 0 0(0.15m)
0 0 1 0(0.15m)
1 1 0 1(atan2) ~ 0.35m)
1 0 1 1(0.35m)
0 1 1 1(0.35m)
1 1 1 1 (0.5m)

As =~ 666 nm of the signal waves excited in the inputs. Thus, thamatric amplification is non-adiabatic. A microwave pulse
with an amplitude opoﬁzf = 62mT, a duration aofit, = 30 ns and with a carrier frequency §f = 2f; = 5.6 GHz is modelled,
starting at = 180ns after the spin-wave excitation. This starting timsueas 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 intereditix = 2.8 GHz integrated over the detector region for
all possible input combinations. The intensity has beemiadized to the maximum intensity reached for optimum anyalifi
tion. The maxima of these time-traces are shown in Fig. 3n(l)é manuscript. As expected, the pumping leads to a sgrong|
phase-dependent amplification of the signal spin wavesremogir distinct maximum intensity levels can be distingeid
depending on the input-combination of the gate. The leeetgl than (b correspond to the full and partial majority of logic O,
whereas the levels below®correspond to the partial and full majority of logic 1, resfively. Thus, by setting the threshold
to distinguish between majority 0 and 1 at half of the intgnef the full majority of 000, the majority function is tralagsed
into a spin-wave intensity. Moreover, by a readout of theohlie value of the intensity, it is possible to distinguishether
the majority was full (i.e., 000) or only partial (i.e., 01@)jnce the overall intensity is proportional to the numbkinputs
with proper phase with respect to the pumping. In the ins€&i@fS2 (b), the phase of the pumping has been shiftedrpbso
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Figure S2. a) Time-dependence af, at fs = 2.8 GHz at the detector for all input combinations of the gatdheabsence of
parallel pumpingt(~ 180ns). A phase-offset above26rtis identified with majority 1. b) Time-dependent intensity a

fs = 2.8 GHz in the detector region in the presence of parallel pamprhe inset demonstrates the effect of a shift of the
pumping phase by
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that spin waves with a phase ob@r are preferably amplified. Consequently, the intensitieobe inverted and the largest
intensity corresponds to a full majority of logic 1 (111). & &rror bars in Fig. 3 (b) in the manuscript contain the inesoy

of the pumping phase, o as well as the error ihgs o visible in Fig.S2 (a) due to small differences in phase and amplitude
between the central and the outer inputs (cf., e.g., 010 @Ay Within this error, the analytical description is in seaable
agreement with the simulated values of the output interfsftyFig. 3 (b) in the manuscript). This demonstrates thétalo
translate the majority information into a spin-wave inignby parallel pumping.

Determination of spin-wave wavelength

Since the spin-wave wavelength bf= 13.5um at the external bias fieldgHext = 63 mT used in the experiment exceeds the
exponential spin-wave amplitude decay length of abgun3significantly, the wavelength has been determined by atep s
process: First the spin-wave wavelengths at smaller valtitee externally applied bias field have been determinecks&h
values have been used to fit the spin-wave dispersion relattmnsequently, the wavelength @ajHex = 63mT has been
extracted from this dispersion relation.

Two different methods have been used to determine the spie-wavelength: The wavelengths were either extracted from
the stationary intensity pattern arising from the intezfere of the spin waves with frequency-modulated light ptesiby
an electro-optical modulator (i.e., the working principfephase-resolved BL)8'1) or from the interference of two counter-
propagating spin wavés In the latter case, the spin waves running towards the aathave been created by adiabatic
parallel pumping process, which takes place if the spinenagvelength is smaller than the spatial size of the ampfifier
Figure S3 (a) shows the interference patterns obtained from thesertethods at an external bias field @§fHeyxt = 50mT
together with fits modelling the interference and the exptiakdecay. Both fits yield a spin-wave wavelength of abouirb
(and an amplitude decay length of aboug 2m). FigureS3(b) shows the experimentally determined wavelengths haget
with a fit of the dispersion relation resulting in a saturatinagnetizatiotMs = 810kAm ™, thicknessd = 37 nm, effective
width weff = 3.6 um, demagnetization fielflogHgemag= 6 MT and exchange constafdy = 13 pJm L. From this curve the
wavelength atigHext63mT, i.e.,loHert = 57 mT is determined ta = 135um (k; = 0.47ragum™1). It should be noted that
these measurements also proof that the parametric ampiifiebe operated in the adiabatic regifhby a change of the
applied bias field or the pumping frequency. In this regim@arfametric amplification, the effective wave vector predd
by the localization is not large enough to allow for the ci@abf co-propagating waves. Consequently, the output ef th
amplifier is independent of the relative phase between greabspin waves and the pumping field.
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Figure S3. a) Exemplary stationary intensity patterns arising fromititerference of the signal spin waves with the EOM
(black) and the counter-propagating idler waves (rgglfienotes the point from which on the counter-propagatingewav
have been fitted and corresponds to the centre of the amplliigExtracted values of the spin-wave wave vector together
with the analytical spin-wave dispersion relation and tkiesgolated wave vector algHext = 63mT, i.e.,lUoHef = 57 mT.
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