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Auto-oscillations and directional magnon
emission induced by spin current injection
into large magnetic volumes

Richard Schlitz 1,2 , Vladislav E. Demidov 3, Michaela Lammel 2,
Sergej O. Demokritov 3 & Pietro Gambardella 1

The ability to manipulate magnons using electronic currents holds transfor-
mative potential for high-frequency signal processing architectures based on
insulating magnetic materials. A critical challenge, however, lies in achieving
efficientmagnon emission and amplification through damping compensation,
which typically requires ultra-thin films. In this study, we break this limitation
by demonstrating a three-order-of-magnitude increase inmagnon population,
consistent with the onset of auto-oscillations upon reaching damping com-
pensation, by injecting a spin current fromaμm-wide Ptwire into a continuous
150 nm-thick yttrium iron garnet film. Using nonlocal magnon transport and
Brillouin light scattering, we reveal that damping compensation occurs due to
magnon self-localization beneath the Pt injector, which precludes radiation
from the excited region. As a result, the nonlocal magnon conductance
becomes mode-dependent and is significantly amplified by multi-magnon
scattering at high magnon populations. Finally, we demonstrate that inter-
facial spin injection breaks yttrium iron garnet’s inversion symmetry, leading
to unidirectional magnon emission. Our results pave the way for the devel-
opment of advanced magnonic devices, including directional magnon emit-
ters, and offer a new approach to achieving damping compensation in thick
magnetic films.

Magnons are quantized excitations of ordered magnetic systems that
carry spin angular momentum and can propagate coherently over
millimeter-scale distances without the energy loss associated with
charge motion. This characteristic makes them promising as alter-
native information carriers in insulating materials, enabling novel
wave-based computing architectures1–5. A key advantage of magnons,
unlike phonons and photons, is their strong mutual interactions,
leading to pronounced nonlinear behavior. Understanding and har-
nessing this nonlinear behavior is essential for developing efficient
magnonic devices.

Magnonic systems operating in the nonlinear regime offer
enhanced functionalities, including parametric spin wave

amplification6, frequency conversion7, and frequency comb
generation8–10. Furthermore, the large magnon populations obtained
in the nonlinear regime inherently promote multi-magnon scattering
processes11–13 and lead to phenomena such as magnon Bose–Einstein
condensation4,14, foldover instabilities15,16 and nonlinear frequency
shifts17,18.

While conventional excitation schemes for magnons rely on GHz
electromagnetic fields, recent works leverage electronic spin currents
for magnon excitation3,19–21. Such spin currents can be straightfor-
wardly generated by using charge to spin conversion via the spin Hall
effect in a metal with strong spin-orbit coupling interfaced with the
magnetic layer (Fig. 1a–c)21–23. Injecting large spin currents into a
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magnetic film gives rise to a pronounced nonlinear behavior, where
the mode population at the bottom of the magnon band is drastically
enhanced21,24. Further tailoring the magnetic anisotropy to reduce
nonlinear relaxation pathways21,25 enables the condensation of mag-
nons into a single coherent state26–28. In addition to tailoring the ani-
sotropy of the magnetic layer, addingmetallic overlayers can lead to a
shift of the magnon dispersion by increasing damping or interfacial
anisotropy, providing away to locally tailor themagnondispersion29,30.

Despite these impressive achievements, the excitation of coher-
ent magnons required for most applications remains a difficult
task24,31,32. Overcoming this limitation is possible when the amount of
injected angular momentum becomes comparable to the total spin
moment in the magnetic volume of the film, and thus for sufficiently
thin magnetic films with low damping, typically yttrium iron garnet
(YIG) with thickness ≲30nm. Achieving damping compensation in
thickermagnetic films would significantly expand the range of devices
andmagnonic effects that can be exploited via electrical spin injection.
Thick films additionally support multiple magnon modes, opening up
opportunities for novel nonlinear effects. However, the largemagnetic
volume and the interfacial nature of spin injection present yet unre-
solved challenges for achieving sufficiently large magnon populations
in these thicker films.

In this work, we demonstrate damping compensation in 150nm-
thick YIG magnetic layers with uncompensated anisotropy, facilitated
by self-localization of excited magnons beneath the spin current
injector. This effect leads to auto-oscillations of the magnetization,
evident by a three-order-of-magnitude increase inmagnon population
near the bottom of the magnon spectrum. Through Brillouin light
scattering (BLS) and nonlocal magnon transport analysis, we reveal
interference effects that modify the magnon conductance and deter-
mine the sensitivity of nonlocal transport to specific magnon modes.
Our findings also show that the spatial modulation of the magnon
dispersion, combined with mode-dependent nonlinear scattering
processes, results in pronounced unidirectional magnon emission
from the excitation region, allowing for efficient on-chip microwave
sourcing. These phenomena enable dynamic control over magnon
populations, propagation, and energy transfer among different mag-
non modes, highlighting the potential of thick magnetic layers for
integration in magnonic devices.

Results
Device and experimental principle
The device schematic and measurement setup are shown in Fig. 1. The
device consists of three parallel Pt wires deposited on a 150nm-thick
YIG layer grown by liquid phase epitaxy on a Gd3Ga5O12 substrate. The
center-to-center separation and width of each wire are 3.0μm and
1.1 μm, respectively. To study the local and nonlocal magnon
transport20,33–36, we apply an alternate current of peak amplitude Iac
and frequency ω/2π = 10Hz in the central (injector) wire and measure
the first harmonic of the nonlocal voltage V 1ω

nl at the two outer
(detector) wires. Hereby, the current is converted to a spin current in
the injector by the spin Hall effect, generating magnons by interfacial
exchange coupling (Fig. 1b, c), which propagate through the YIG layer
and are subsequently detected via the inverse spin Hall effect in the
detector. The first harmonic nonlocal resistance, defined as
R1ω
nl =V

1ω
nl =I, is directly proportional to the total number of none-

quilibrium magnons below the detector, irrespective of their phase,
energy or wave vector34. Additionally, we measure the second har-
monic local resistance R2ω

l =V2ω
l =I using a four-point probe of the

voltage drop V 2ω
l across the central wire (see methods). The latter

contains contributions from the spin Seebeck effect37,38 and the mag-
netoresistances arising from the creation or annihilation ofmagnons39.
R2ω
l thereby reveals the magnon accumulation below the injector wire

(cf. sketch right of Fig. 2b)39. The nonlocal magnon transport mea-
surements are complemented by microfocus BLS spectroscopy40,
which allows us to gather spectral information on the magnon accu-
mulation below the injector wire.

Fig. 1 | Schematic of the experiment. a cross-section of the nonlocal device. A
current I flowing in a Pt wire (injector) induces a spin accumulation via the spinHall
effect at the interface with YIG, which leads to the nonequilibrium injection of
magnons in YIG. This magnon accumulation (carrying a spin angular momentum
represented by the direction of the wavy arrow) can either be detected electrically
by a second Pt electrode (detector) or optically via BLS. b, c Magnons can be
created or annihilated, respectively, by the electronic spin accumulation at the
interface via exchange coupling between the Pt and Fe atoms in the YIG layer.
d Optical micrograph of the investigated device with contact scheme and coordi-
nate system. The magenta cross marks the position of the laser spot used for the
BLS measurements.

Fig. 2 | Evidence for magnetic auto-oscillations in a 150-nm-thick YIG layer.
a Nonlocal resistance vs magnetic field applied at an angle α = 90° of a device with
injector-detector separation d = 3μm measured in the linear (gray) and nonlinear
(red and yellow) regime. The current in the legend refers to the zero-to-peak cur-
rent amplitude Iac. b Second harmonic local resistance of the injector recorded
simultaneously with the nonlocal resistance of the detector. The vertical gray
dotted linemarks themagnetic field applied during the BLSmeasurement shown in
(c). The solid lines are fits to the field dependence in the linear regime (see sup-
plementary information). cBLSmeasurementof themagnonoccupation in thermal
equilibrium (gray) and with nonlinear magnon excitation by spin current injection
(red). The magnetic field μ0H = 20mT was applied at α = 270°. The BLS spectra
were recorded while applying the dc current Idc specified in the legend.
d Calculated dispersion of the first two magnon branches. The insets show the
mode profile across the thickness of the YIG film.
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Damping compensation due to magnon self-localization
Figure 2a, b shows R1ω

nl and R2ω
l recorded during amagnetic field sweep

at different currents. In the linear regime (gray symbols), R1ω
nl decays

due to the reduction of the magnon diffusion length at high magnetic
field41,42 (see discussion in Supplementary Note 1). R2ω

l , on the other
hand, is constant in the entire field range, indicating that the local
signal is dominated by the spin Seebeck effect39. In the nonlinear
regime (red and orange symbols), both R1ω

nl and R2ω
l exhibit strongly

nonmonotonic field-dependent features, which we assign to the
excitation of different magnon modes beneath the detector and
injector, respectively. The nonlinear regime is reached for currents
around 0.7mA, corresponding to a critical current density of
jc ≈ 1.6 × 1011 Am−2 (see Supplementary Fig.2).

To further establish the situation below the injector, we use BLS
to probe changes in the magnon population induced by driving the
YIG film into the nonlinear regime. Fig. 2c shows the BLS spectra
recorded at the position marked by the magenta cross in Fig. 1d. At
zero current (gray line), the occupied mode spectrum has two
characteristic peaks, one close to the Kittel frequency fK and one
close to the first perpendicular standing spin wave (PSSW, n = 1)
mode fPSSW, as calculated for a 150 nm thick YIG film (dotted lines).
The dispersion of these modes is shown in Fig. 2d, together with the
Damon–Eschbach (DE) and backward volume (BV) branches of the
n = 0 mode with wave vectors k ? H and k k H, respectively. At a
current of −1 mA, the system is driven in the nonlinear regime,
resulting in a drastic increase in theBLS intensity, as shownby the red
curve in Fig. 2c (note the logarithmic scale). The BLS signal that
corresponds to the minimum of the magnon band is enhanced by
three orders of magnitude, indicating the onset of auto-oscillations.
Moreover, the PSSW mode appears to be shifted to higher

frequencies, likely due to the current-dependent spin pumping at the
insulator–metal interface30.

The observation of auto-oscillations in such a thick YIG film is
highly peculiar. Typically, a large film thickness is expected to inhibit
auto-oscillations because the injected spin current through the inter-
face is insufficient to compensate for the damping across the entire
layer. Additionally, the open geometry and uncompensated ellipticity
of the precession, favoring radiation and strong nonlinear relaxation
effects, should prohibit large mode populations21.

We attribute the ability to reach the auto-oscillation threshold,
despite the factors typically limiting it, to a spatially varying mod-
ification of the magnon dispersion caused by a nonlinear frequency
shift of the local magnon band (evident also in current-dependent BLS
measurements shown in Supplementary Fig. 3). This modification
effectively confines the excited magnons to the region directly
beneath the injector. Such a nonlinear frequency shift can arise due to
the reduction of magnetization by local heating, a high density of
electrically excited magnons in the driven region, or a local modifica-
tion of the magnon lifetime15,30,43–45. The lack of compatible magnon
modes in the YIG region outside the injector limits magnon radiation,
which in turn allows for a higher occupancy of magnons within the
confinement region.

Local interference effects
If the auto-oscillations result from mode confinement below the
injector, interference effects46,47 are expected when the magnon wave
vector matches the width of the confinement region29. To confirm this
notion, we analyze the dispersion of the low-energymagnon spectrum
using BLS in Fig. 3a. We observe an oscillation of the intensity of both
modeswhen changing themagnetic field. Integrating the BLS intensity

Fig. 3 | Dependence of the magnon population onmagnetic field. aMap of the
BLS intensity as a function of f and μ0H. The two pairs of dashed lines mark the
spectral ranges used for integration in (b) and (c). The thin dotted line marks the
line cut shown in Fig. 2d. b, c BLS intensity integrated within the two bounds
marked by the dashed lines in (a), corresponding to the occupancy of the n =0
mode (b) and the n = 1mode (c). The dotted vertical lines identify themode order/
(see d–f). The orange and teal shaded regions mark the range of enhanced BLS
contrast. d Schematic cut through the sample. When applying a current in Pt,
magnons are confined below the central wire due to the nonlinear frequency shift
(purple shading). Consequently, standing wave patterns (black lines) emerge. The

verticalmodeprofile of the lowest twomagnonbranches is depicted by the orange
(n =0) and teal (n = 1) lines on the right. e Calculated dispersion of the two lowest
magnonbranches shows that thewave vectorkmin of thebandminimumshiftswith
magnetic field. f Position kmin as a function of magnetic field. Constructive inter-
ference occurswhen kmin,n = (l + 1)π/w (seed). The vertical dotted lines correspond
to the two magnetic fields shown in (e). g BLS signal integrated under the n =0
peak recorded while scanning the laser spot across the injector wire (gray shaded
region). The trace has been normalized to itsmaximum value. All data in the figure
were recorded at a dc current of Idc = −1 mA and with the magnetic field applied
at α = 270°.
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of the twomodes in a narrow frequency range confirms this notion (cf.
Fig. 3b, c). To understand this behavior, we consider a cross-section of
the device (see Fig. 3d). If the region below the injector forms a
potential well, reflections of the magnons at either interface become
possible, and standing waves will form. The requirement for con-
structive interference is amagnonwavelength λ = 2w/(l + 1), wherew is
the width of the Pt wire. The wave vector of the band minimum kmin

shifts with themagnetic field (cf. Fig. 3e) for both BV branches and can
be extracted from the spectrum for a rangeofmagneticfields as shown
in Fig. 3f. The magnetic fields at which the magnons at the band
minimum fulfill the resonance condition λ = 2π=kmin are marked by
dotted vertical lines in Fig. 3b, c for the n =0 and n = 1 branch,
respectively. Comparing these dotted lines to the integrated intensity
of the two modes in Fig. 3b, c, we find reasonable agreement. To
experimentally confirm the localization ofmagnons below the injector
when the resonance condition is fulfilled, we record the integral BLS
intensity under the n = 0 peak as a function of the laser spot position
(see Fig. 3g). The rapid exponential decay of the magnons in the YIG
region outside of the Pt wire is consistent with the transient decay of
the localized low-energy magnons. The field-dependent oscillations
and direct observation of the transient magnon decay corroborate the
key role of self-localization and the consequent enhancement by
interference in the appearance of auto-oscillations despite the large
thickness of our YIG layer.

Signatures of magnon interference and mode-dependent emis-
sion in electric transport
Electrical measurements of magnon transport in thin-film YIG by spin
currents typically do not yield information on the excited modes48.
Here, we show that magnon interference effects result in mode-
dependent local and nonlocal transport characteristics, highlighting
the possibility of obtaining information on excited modes. Figure 4a
shows that the intensity oscillations of R2ω

l as a function of magnetic
field correspond to the resonant conditions for the (n, l) standingwave
modes. The n =0 mode, having the highest occupancy, appears most
prominently in R2ω

l . The relative intensity of the (0, l) peaks is influ-
encedby the inhomogeneous broadening of themode linewidth at low
magnetic fields (see broadband ferromagnetic resonance measure-
ments in Supplementary Fig. 4). This broadening reduces the spatial
coherence of the modes, thereby diminishing the intensity of the
peaks as the field decreases. The nonlocal R1ω

nl , shown in Fig. 4b, exhi-
bits amore complex dependenceon the standingwave condition, with
local minima observed in correspondence with the (0, l) modes and
maxima for the (1, l) modes. This complex behavior can be attributed
to counteracting effects. On the one hand, a higher local magnon
population beneath the injector leads to an enhanced nonlocal signal
due to the increase innonlinear relaxation and corresponding outward
magnon radiation. On the other hand, exactly fulfilling the standing
wave condition of the n =0modes leads to a lower nonlocal signal due
to the more efficient localization of the modes. This effect is particu-
larly pronounced at lower magnetic fields, where the spatial confine-
ment is stronger. Figure 4c illustrates how the propagation of the n = 0
modes close to the band bottom is suppressedwhen the largemagnon
occupation leads to a strong nonlinear frequency shift of the disper-
sion below the injector. In this situation, outward magnon radiation is
inhibited by the frequency mismatch with the gapped magnon states
outside the injector.

The situation is different for the n = 1 modes. In this case, four
magnon scattering processes12,13 as shown in Fig. 4d can efficiently
excite magnons in the n =0 magnon branch, leading to enhanced
emission of magnons with large group velocities that lie above the
gapped frequency region. Accordingly, we observe that R1ω

nl is
enhanced when the n = 1 modes are resonantly enhanced by inter-
ference (Fig. 4b). The magnons generated by four-magnon scattering
additionally should have ahighgroupvelocity and consequently a long

propagation distance, as confirmed by distance-dependent transport
measurements (see Supplementary Fig. 5)

Wenote thatour simplemodel does not capture the local changes
of themagnondispersion induced by heating andmode hybridization.
As a consequence, the exact shape of the peaks observed in the BLS
and transport measurements is difficult to predict. Nevertheless, the
model allows to explain the key features and resonances, also for
devices with different wire widths (see Supplementary Fig. 6), con-
firming its general applicability. Additionally, the presence of similar
features in many different devices emphasizes that local variations of
the YIG film cannot be the determining factor in the generation of the
nonlinear response, in line with the small inhomogeneous broadening
observed in the ferromagnetic resonance measurements (Supple-
mentary Fig. 4). Our data thus demonstrate that individual magnon
modes and their occupation have a pronounced impact on nonlocal

Fig. 4 | Enhancedmagnon emission by four-magnon scattering. a, b R2ω
l and R1ω

nl

as a function of magnetic field recorded at Iac = 1.2mA in the nonlinear regime
(zoom of the orange traces in Fig. 2a, b). The dotted lines correspond to the
standing wave conditions of the n =0mode (orange) and the n = 1mode (teal). The
shaded regions mark the field range with enhanced BLS contrast (see Fig. 3b, c) for
the n =0 mode (orange) and n = 1 mode (teal). c Schematic magnon dispersion
below the injector and detector. The reducedmagnetization in the nonequilibrium
region below the injector (purple) leads to a lowering of the magnon energy, here
calculated for amagnetization reduced to 70%of the room temperature value. As a
result, magnons close to the band minimum cannot propagate out of the none-
quilibrium region except via nonlinear processes. d Fourmagnon scattering within
the n =0 band (black arrows) can efficiently excite propagating modes. Four
magnon scattering from the n = 1 band to the n =0 band (gray arrows) with energy
degenerate modes leads to efficient radiation of n = 1 magnons.
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magnon transport, which is determined by the interplay between
localized mode confinement and nonlinear relaxation processes.

Unidirectional magnon emission
Magnons are an attractive platform for devices with pronounced
nonreciprocal behavior49–51. Recent studies have revealed that the
magnon propagation velocity is asymmetric in thin-film YIG due to the
interfacial Dzyaloshinsky-Moriya interaction (DMI) induced by inter-
facial symmetry breaking52,53. In thick YIG films, however, the DMI
becomes less significant due to the diminished influence of the inter-
face relative to the bulk. Consequently, achieving sizable directional
magnon emission in YIG films thicker than 50nm appears to be
challenging53. In the following, we demonstrate that interfacial spin
injection in the nonlinear regime provides a powerful symmetry-
breaking mechanism that induces directional magnon emission inde-
pendent of the DMI.

To isolate directional contributions in the nonlocal transport
measurements, we measure the difference ΔR1ω

nl = ðR1ω
nl, L � R1ω

nl, RÞ=2 of
the nonlocal resistance of the left and the right electrodes (cf. Fig. 5a).
In Fig. 5b, c, we show ΔR1ω

nl normalized to the average nonlocal resis-
tance ΣR1ω

nl = ðR1ω
nl, L +R

1ω
nl, RÞ=2 (the raw data are shown in Supplementary

Fig. 7)53. Owing to time-reversal symmetry, transport asymmetry in
magnon propagation can only be observed when the magnons travel
perpendicular to the magnetization direction. In our geometry, this
requireswave vectors ± k⊥perpendicular to themagnetization to have
a component along y (cf. Fig. 5c). To eliminate constant asymmetry
effects originating from geometric imperfections or lithographic
inconsistencies in the placement of the two wires, we first measure
ΔR1ω

nl =ΣR
1ω
nl with the magnetic field aligned to the current-induced spin

accumulation (along y), ensuring k⊥ aligns along x. Thismeasurement,
shown in Fig. 5b, reveals a constant baseline with a sharp dip-peak
feature near 18mT. This field corresponds to the crossing of the
minimum of the n = 1 branch and the n =0 branch, with wave vectors
k = ± k⊥ (cf. Fig. 4d). The resulting hybrid mode54 inherits an asym-
metric amplitude along the thickness of the YIG layer from the k⊥
branch (cf. Fig. 5a), allowing for asymmetric magnon propagation
close to themode crossing. With the baseline established, wemeasure
ΔR1ω

nl =ΣR
1ω
nl with the magnetic field oriented at 72° from the x-axis,

resulting in a finite component of k⊥ along y. The results, shown in
Fig. 5c, reveal a major enhancement in the directional asymmetry,
which is strongly dependent on the magnetic field and reaches up to
5% of the total magnon emission. This asymmetry is opposite in sign
and exceeds by one order of magnitude the one observed in linear
response (0.5% for this sample) and attributed to the interfacial DMI53

(see also supplementary information). Furthermore, by orienting the
magnetic field at 108°, thereby inverting the projection of k⊥ along y,
the asymmetry inverts about the baseline, consistent with symmetry
considerations.

To illustrate the mechanism of directional magnon emission, we
consider the strong nonlinear decay of magnons from the n = 1 branch
into the n = 0 branch observed at large injection currents (cf. Fig. 4b,
d), which leads to a large occupation of magnons in the n =0 branch
with k = k⊥. Such a relaxation channel dominates over the relaxation
into the modes with k∥ because the mode overlap between the n = 1
and n = 0 modes is the largest there. Additionally, this relaxation
channel requires only magnons from one band minimum
(either ± kmin) to conserve linear momentum and energy (cf. Fig. 5d).
The amplitude profile of the k = k⊥ mode is spatially inhomogeneous
across the thickness of the YIG layer, and is inverted for opposite wave
vectors, as sketched in Fig. 5a. Consequently, a difference in propa-
gation for the n = 0 modes with k⊥≶0 arises when the inversion
symmetry is broken along z. In our case, the strong upshift of the n = 1
mode observed in Fig. 2e, consistent with an effective reduction of the
YIG thickness, suggests that inversion symmetry is broken by inter-
facial spin injection in the nonlinear regime. The nonequilibrium

nature of the symmetry breaking is further corroborated by the
opposite sign of ΔR1ω

nl =ΣR
1ω
nl when compared to the linear response

regime (see Supplementary Note 2). This symmetry breaking thus
enables in-situ control over the degree of directional emission from a
nonequilibrium region, without requiring intrinsic symmetry breaking
within the material, e.g., by interfacial DMI55.

The field dependence ofΔR1ω
nl =ΣR

1ω
nl further shows that directional

emission ismost pronounced below 10mT, where the n = 1mode has a
minimal energy at k = 0 (see right panel in Fig. 5d), where the four
magnon scattering can effectively excite magnon pairs across the
entire constant energy cut of the n =0 mode while conserving linear
momentum. At μ0H ~ 16mT, ΔR1ω

nl =ΣR
1ω
nl changes sign, which we

associatewith the hybridization of then =0 andn = 1 branches, leading
to a strongmodification of the dispersion. Between 20 and 40mT, the
wavevector of the n = 1 bandminimum fulfills the resonance condition,
so that the correspondingly higher mode population and thus more
efficient nonlinear relaxation gives rise to an enhanced emission of

Fig. 5 | Directional magnon emission by spin injection and nonlinear relaxa-
tion. a Device cross-section with the mode profile of counter-propagating mag-
nons from the DE branch (dark gray). The nonequilibrium region in the nonlinear
regime below the injector (purple) is inhomogeneous across the film thickness,
leading to symmetry-breaking and different amplitudes of counter-propagating DE
magnons. Asymmetryof the nonlocalmagnon resistancewhen themagneticfield is
alignedwith the spin accumulation and transport direction y (b) or at an angle of 72
and 108° with respect to x (±18° with respect to y) (c). k⊥ and k∥ wave vector
components with respect to the device for the three orientations of the magnetic
field are shownon the right. The dotted vertical lines correspond to the locations of
the resonance condition (cf. Fig. 4a). The measurements are taken with a current
Iac = 1.2mA. The shaded regions mark the field range with enhanced BLS contrast
(see Fig. 3b, c) for the n =0mode (orange) and n = 1mode (teal).dConstant-energy
cuts through themagnondispersion at the energy of the bandminimumof then = 1
branch (f = 2.58GHz and 2.11 GHz) calculated for μ0H = 20mT and 8mT, respec-
tively. The insets depict themode profile across the YIG thickness. The two pairs of
black arrows mark the dominant four magnon relaxation pathways from the n = 1
branch into the n =0 branch. The gray arrows show four alternative magnon
relaxation paths that require magnons from both minima.
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magnons with k = k⊥. Above 40mT, the directional component sug-
gests another increase of the n = 1 occupation in the vicinity of the
expected l = 2 resonance. At even larger fields, the system gradually
returns to the linear regimedue to the increase of the intrinsicmagnon
relaxation (cf. Fig. 2). Our data thus consistently indicate that strong
magnon injection and efficient nonlinear relaxation from the n = 1 into
the n =0 branch leads to directional magnon emission.

Discussion
Reaching auto-oscillations in thick YIG films extends the functionality
and scalability of magnonic devices by leveraging key properties
enabled by the increased film thickness. Thick YIG films host a rich
magnon band structure, with multiple degenerate and higher-order
modes contributing to the magnon dynamics. This expanded mode
spectrum allows for access to a wider range of frequencies, enhanced
nonlinear interactions such as interbandmulti-magnon scattering, and
the exploration of novel phenomena linked to mode coupling and
hybridization, which are less pronounced in thinner films. Our results
reveal that the auto-oscillation threshold can be readily reached in
150 nm-thick YIG by interfacial spin current injection using μm-wide Pt
wires. The large magnetic volume of thick YIG promotes the self-
localization of magnons below the spin injector due to the spatially-
inhomogeneous reduction of the magnetization and consequent
downward frequency shift of the magnon bands. Interference effects
induced by magnon confinement below the injector manifest them-
selves into strong mode- and field-dependent local and nonlocal
resistances that reflect the formation of standing waves and magnon
radiation enabled by nonlinear relaxation processes, respectively.
Additionally, we show that directional magnon currents can be effi-
ciently driven in thick YIGfilmswhere the influenceof interfacialDMI is
practically negligible.We speculate that the directional emission could
originate from the localization of the nonlinearly excited magnons
close to the YIG/Pt interface, resembling a vertical versionof the lateral
confinement. Alternatively, the asymmetric localization of the two
counterpropagating DEmodes could favor the population of only one
DE mode in the nonlinear regime. Finally, a vertically varying magnon
dispersion due to Joule heating55 or nonlinear magnon creation could
further contribute to the observed directional emission.

The versatility and effectiveness of nonlinear spin injection in
thick YIG films provide novel mechanisms for controlling magnon
emission and transport in magnonic devices, including directional
emitters that allow direct flow of energy within magnonic circuits,
integrated directional traveling wave amplifiers, and frequency multi-
plexers. Additionally, the efficiency of the inductive readout of the
magnonic excitations is improved in thicker YIGfilms due to thehigher
number of excited spins. These features make thick YIG films advan-
tageous for applications in signal processing, logic, and neuromorphic
computing using magnons as information carriers. Besides the richer
magnon structure and mode coupling processes, thick YIG films pro-
vide minimal damping, high power handling, and efficient coupling
with external systems where maintaining coherence and uniformity
across a wide area is important, such as radiofrequency antennas.

Methods
Sample fabrication
A 150nm-thick Y3Fe5O12 film grown by liquid phase epitaxy on a
Gd3Ga5O12 substrate (Matesy GmbH, Jena, Germany) was cleaned with
piranha acid (H2SO4:H2O2 in a 1:1 volumetric ratio) for 45 s. Subse-
quently, itwas annealed in an ultra-high vacuumsputtering chamber at
200 °C for 2 h and a 4 nm-thick layer of Pt was deposited at room
temperature. The nonlocal devices were defined by Ar ionmilling after
masking with optical lithography and have a wire length and width of
120μm and 1.1μm, respectively. The center–center separation
between the injector and the two outer wires is 3.0μm.

Transport measurements
Transport measurements were performed at room temperature in an
electromagnet. To measure the local and nonlocal resistance, we
applied a sinusoidal current with frequency of 10Hz and peak ampli-
tude Iac to the central wire and recorded the local and nonlocal voltage
time traces that were subsequently demodulated to obtain the n-th
harmonic components of the resistance Rnω = Vnω/Iac (for details see
refs. 20,35,56). For the measurements of the directional components,
the signal on the left and right wires was recorded simultaneously.

Micro-focus BLS measurements
The measurements were performed at room temperature. A DC cur-
rent Idc was applied to the central Pt wire. The probing light had a
wavelength 473 nm and power of 0.25mW and was generated by a
single-frequency laser with spectral linewidth <10MHz. The light was
focused to a diffraction-limited spot with submicrometer size using a
100× aberration-corrected microscope with a 0.85NA objective lens.
The reflected light was analyzed by a six-pass Fabry-Perot
interferometer.

Calculation of magnon spectra
Magnon spectra were calculated using the analytical model for dipole-
exchange spin waves proposed in ref. 54, i.e., by combining Eqs. (A12),
(A14), (45) and (46) therein. We used a spin wave stiffness of
α = 3 × 10−12 cm257, a gyromagnetic ratio γ = 28 GHzT−1 and a saturation
magnetization of Ms = 130 kAm−1 to account for the reduction of
magnetization induced by the Joule heating. To obtain the resonance
condition for standing wave formation below the injector, we deter-
mine the wave vector and energy minimum from the calculated
spectra as a function of the applied magnetic field in the backward
volume geometry.

Data availability
The data that support the findings of this study are available via the
ETH Research Collection at https://doi.org/10.3929/ethz-b-000743320.
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