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This paper presents a comprehensive study of the nonlinear transport properties of magnons electrically
emitted or absorbed in extended yttrium-iron garnet (YIG) films by the spin transfer effect across a YIG|Pt
interface. Our goal is to experimentally elucidate the pertinent picture behind the asymmetric electrical variation
of the magnon transconductance, analogous to an electric diode. The feature is rooted in the variation of the
density of low-lying spin-wave modes (so-called low-energy magnons) via an electrical shift of the magnon
chemical potential. As the intensity of the spin transfer increases in the forward direction (magnon emission
regime), the transport properties of low-energy magnons pass through three distinct regimes: (i) at low currents,
where the spin current is a linear function of the electric current, the spin transport is ballistic and determined
by the film thickness; (ii) for amplitudes of the order of the damping compensation threshold, it switches to a
highly correlated regime, limited by the magnon-magnon scattering process and characterized by a saturation of
the magnon transconductance. In other words, the reported signal suggests coupled dynamics between numerous
modes rather than Bose-Einstein condensation around a single dominant mode. (iii) As the temperature under
the emitter approaches the Curie temperature, scattering with high-energy magnons starts to dominate, leading to
diffusive transport. We find that such a sequence of transport regimes is analogous to the electron hydrodynamic
transport in ultrapure media predicted by Radii Gurzhi, where condensation of magnons. This study, restricted
to the low-energy part of the magnon manifold, complements Paper II [Kohno et al., Phys. Rev. B 108, 144411

(2023)] of this series, which focuses on the full spectrum of propagating magnons.
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I. INTRODUCTION

Diodes are key components in the art of electronics [1].
Their distinctive function is to create an asymmetric electrical
conductance that facilitates transport in the forward direction
while blocking it in the reverse direction. This asymmetry
is exploited in rectification or clipping devices. Controlling
the forward threshold voltage is the basis of the bipolar junc-
tion transistor. A few of these diodes also offer the unusual
feature of negative differential resistance, which is exploited
in oscillators and active filters [2,3]. Until recently, it was
believed that solid state diodes could only be realized with
semiconductor materials. Their band structure allows strong
modulation of carrier density by an electrical shift of the
chemical potential between the valence and conduction bands.

Recent advances in the field of spintronics have shown that
it is possible to design new types of diode devices that rely
on the transport of the electron’s spin instead of its charge
[4-7]. In this new paradigm, electrical insulators are good spin
conductors by allowing spin to propagate between localized
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magnetic moments via spin waves (or their quanta magnons)
to carry spin information within the crystal lattice without
any Joule dissipation [8—11]. The absence of Joule dissipation
usually gives the dielectric materials very low magnetic damp-
ing, which is associated with a high propensity of the magnons
to behave nonlinearly. In ultralow damping materials, a varia-
tion of 0.1% from the thermal occupancy is usually sufficient
to drive the magnetization dynamics into the nonlinear regime
[12]. This effect could be exploited for spin diodes [10,13],
spin amplifiers [14—16], or spin rectifiers of microwave signals
[17-21].

An important milestone in this nascent offshoot of spin-
tronics using electrical insulators, called insulatronics [22],
was the discovery of the interconversion process between the
spin and charge degrees of freedom (e.g., by the spin Hall
effect [23-29]), which allows the electrical control of w,,, the
magnon chemical potential, via the spin transfer effects (STE)
from an adjacent metal electrode [14,30-32]. The expected
benefit is the realization of a different form of solid state
spin diode (see Fig. 1) obtained by electrically shifting iy,
relative to E,, the energy gap in the magnon band diagram (see
Fig. 2). The lever arm is set here by the magnetic damping
parameter opg [30,33-36]: the smaller is the damping, the

©2023 American Physical Society
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FIG. 1. Spin diode effect in a lateral device. (a) Perspective
and (b) sectional view of the magnon circuit: an electric current
I, injected into Pt; emits or absorbs magnons via the spin transfer
effect (STE). The change in density is consequently sensed non-
locally in Pt, (collector) by the spin pumping current defined as
—L = (Y — v, )/R,, where Y, isa background signal generated by
magnon migration along thermal gradients. The negative sign in front
of I, is a reminder that the origin of the spin Hall effect is an elec-
tromotive force whose polarity is opposite to the Ohmic losses [54].
(c) Deviation from the nominal thermal occupation of low-energy
magnons when H, < 0. We have shaded in blue the deviation in the
magnon emission regime corresponding to the forward bias (») and
in red the magnon absorption regime corresponding to the reverse
bias («). The inset (d) shows the behavior expressed as a trans-
mission ratio .7, = AL/I, where AL = (Iy — L,Y)/2. As shown
in (c), an asymmetric nonlinear growth of I, occurs in the forward
bias, corresponding to the so-called spin diode effect. However, this
growth is limited by ng,, an effective saturation level due to nonlinear
coupling between low-energy modes, as expressed by Eq. (7). The
solid and dashed lines show the behavior for two values of the
saturation level ng,. The colored current scale in (c) distinguishes
three transport regimes, @ (green window): a linear regime, I, o I; at
low currents, which also includes the reverse bias; @ (blue window):
a nonlinear asymmetric increase above a forward bias of the order
of I./2 (according to Egs. (4) and (5), Z{l follows a parabola that
intersects the abscissa at I, and the current that reaches a 25% drop
[10] in signal is the landmark of Iy,/2); and ® (red window): above
Ik, a collapse at I of the spin conduction as the temperature of the
emitter, 7y — 7. When |[,| > |I.| all magnon transport disappears
(black window).

larger is the electrical shift of (1), at a given current. Therefore,
the ferrimagnet yttrium-iron garnet (YIG), with the lowest
magnetic damping known in nature, is expected to lead to
the highest benchmark in asymmetric transport performance
[37]. While the spin diode effect in laterally confined geome-
tries is fairly well understood [38—40], its generalization to
extended thin films has been largely elusive [41]. The corre-
sponding difficulty is the collective dynamics that emerges
inside the continuum of magnons when the level splitting
between eigenmodes becomes smaller than their linewidth
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FIG. 2. Magnon transport in extended magnetic thin films. (a) At
the bottom of the magnon manifold, magnons behave as a two-
dimensional gas with a steplike density of states D(E) (blue). The
nonequilibrium magnon distribution n(E) (orange) can be modulated
by shifting 1), the magnon chemical potential. (b) In our case, the
shift of py is produced by an electric current /; injected into P,
(emitter). (c) Magnon dispersion for different in-plane propagation
directions 6;. The plot is shown for the YIG¢ film at 300 K. The
gray shading emphasizes the degeneracy weight of the magnons,
i.e., their tendency to excite parametrically degenerate modes. The
black dot denotes Eg, the energy of the Kittel mode (k — 0), the
blue dot denotes E,, the minimum of the magnon band, and the
orange dot denotes E, the mode degenerate with Ex with the highest
wave vector. The saturation level shown in Fig. 1(c) is due to a
strong enhancement of I",,, the magnon-magnon scattering between
degenerate modes in the energy range Ex + (Ex — E,). This forces
iy to asymptotically approach E, at large currents, as shown in (b).

[34,42]. Given that magnons are bosons, the predicted appear-
ance of new condensed phases at high powers is of particular
interest. These include a superfluid phase produced by a Bose-
Einstein condensate (BEC) [43-49], which could lead to novel
coherent transport phenomena [15,50-52], with the promise
of achieving a “perfect” diode having infinite slope 1 —V
characteristic.

The paper is organized as follows. In the following section,
we emphasize the highlights of our transport study observed
at high currents on lateral devices deposited on extended
thin films. In the third section, we present the relevant an-
alytical framework to account for the electrical variation of
the magnon transconductance. This framework is based on
a two-fluid model introduced in Paper II [53], which splits
the propagating magnons into either low- or high-energy
magnons. To facilitate quick reading of either paper, we point
out that a summary of the highlights is provided after each
introduction and, in both papers, the figures are organized into
a self-explanatory storyboard, summarized by a short sentence
at the beginning of each caption. In this first part, we focus
mainly on the noninear properties that lead to the spin diode
effect. It will be shown that these are mainly controlled by the
variation of the spin-spin relaxation rates between low-energy
magnons. In the fourth section, we present the experimental
evidence supporting our interpretation. Finally, we conclude
the paper by expressing what we believe to be the interesting
future directions of this field.
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TABLE 1. Physical properties of the magnetic garnet films (values at 7, = 300 K).

tyig (nm) oM, (T)  poHx, (T) T (K) avig (x107%)  ppe (2 em) o (nm)  kepe (K) - Gy (x10%¥m™) € (x107Y)
YIG, 19 0.167  +0.005 545 3.2 27.3 7 480 0.6 2.1
(Bi-)YIGg 25 0.147  +0.174 560 4.2 42.0 6 890 2.4 7.8
YIGc 56 0.178 —0.001 544 2.0 19.5 7 476 0:0.64/e:1.9 0:13/e:36

II. KEY FINDINGS

The main experimental result presented in this paper is that
the nonlinear growth of the magnon conductivity observed for
the forward bias (magnon emission regime) is rapidly capped
by a saturation level in the case of extended geometries. Such
behavior can be understood by focusing on the nonlinear prop-
erties of low-energy magnons, where the limited growth is
reminiscent of the saturation effect observed in the ferromag-
netic resonance of magnetic films at high power [55]. There,
the amplitude of the uniform precession mode, the so-called
Kittel mode, is constrained not to exceed a maximum cone
angle by a power-dependent magnon-magnon scattering rate,
which increases as the mode amplitude approaches saturation.
This process involves the increase in parametric coupling via
the magnetostatic interaction between pairs of counterpropa-
gating magnon modes, all oscillating at the Kittel frequency.
This process is also known as the Suhl second-order instability
or the four-magnon process. We believe that the same pro-
cess is at work here between our low-energy magnons. This
conclusion is drawn from the experimental observation that
in extended thin films the regime ) > E, is never reached
despite the use of very large current densities. The fact that it
is never reached cannot be attributed to a threshold current /Iy,
which would nominally be outside the current range explored
because of poor quality films leading to larger than expected
magnetic damping. In fact, the current range is large enough
to reach the paramagnetic state below the emitter due to
Joule heating. Assuming that the damping rate is independent
of the current value, the vanishing magnetization under the
emitter is in principle sufficient to bring Iy, into the explored
current range since the threshold current drops to zero at
the Curie temperature. Despite this reduction of the magne-
tization value, we do not detect nonlocally any evidence of
full damping compensation. We therefore conclude that the
increase of uy by the STE is eventually compromised by
the concomitant increase of the damping, which continuously
pushes I to an unattainable higher level. To account for
the above experimental observation, we propose an analytical
model in which I';,, the magnon-magnon relaxation rate, also
increases strongly as py approaches E, [30,41]. In this model,
the asymptotic approach of py to E, is governed by a I'y,,
whose power dependence is enhanced by a Lorentz factor,
which limits the growth of mode amplitude below a saturation
value. Such an analytical form was first proposed to describe
the saturation effects of dipolarly coupled spin waves [56,57].
We show that this simple model captures well the high-power
transport regime of each of our nonlocal devices, where we
have varied the aspect ratio of the electrodes, the magnetic
properties, and the film thickness #yjg (see Table I). The other
advantage of this simplified model is that it reproduces the
experimental behavior with a very limited set of effective
fitting parameters.

Complementing the transport results with Brillouin light
scattering (BLS) experiments, we show experimentally that
the asymmetric transport behavior, i.e., the spin diode ef-
fect, is indeed predominantly caused by low-energy magnons
with energies around Ex = hwg = 30 ueV, where wg/(21)
is the Kittel frequency [58]. This picture is further con-
firmed experimentally by the enhancement of the spin diode
effect in materials with isotropically compensated demagne-
tization factors, where the uniaxial perpendicular anisotropy
woHg, = 2K, /M, compensates the out-of-plane demagnetiza-
tion field. Here the vanishing small effective magnetization
Megs = My — 2K, /(uoMy) =~ 0, where u is the vacuum per-
meability, reduces the limiting nonlinear magnon-magnon
interaction and thus increases the saturation level. Neverthe-
less, even in the case of these thin films, we observe that the
growth of the spin diode effect is capped by a saturation level,
indicating that the rapid growth of I',, as uy approaches E,
is a generic process. In fact, reducing M. only allows to re-
duce the static component of the magnetic dipolar interaction,
but low-energy modes can still interact through the dynamic
component of the magnetic dipolar interaction.

The picture that emerges from our study of nonlocal
magnon transport in extended thin films at high power' is
thus very different from the frictionless many-body conden-
sate around the lowest-energy mode, indicating a reduction
of its relaxation rate. On the contrary, our results indicate an
increase in the magnon-magnon relaxation rate, which pro-
hibits the appearance of BEC phenomena. In other words, the
reported signal suggests coupled dynamics between numerous
modes rather than the BEC picture of a single dominant mode
[43-46].

Finally, we report a collapse of the magnon transconduc-
tance as the emitter temperature 77 approaches the Curie
temperature 7;. In this limit, the population of high-energy
magnons becomes significantly larger than the number of
polarized spins, spin conduction by low-lying spin excitations
is perturbed by collisions with their high-energy counterpart,
leading to a sharp decrease in the transmission ratio.

We study how the magnon density enhancement varies
with the physical properties of the nonlocal device itself.
By systematically varying the transparency of the emitter-
collector interface and the thermal gradient near the emitter,
we show that the density of low-energy magnons is dominated
by thermal fluctuations rather than by the effective damping
value, which always remains finitely positive (>0). The
process for the forward polarity (magnon emission regime)
leads to the finding that the density of low-energy magnons
seems to be determined by the temperature of the emitter
Ti, with a particle density that increases with increasing

'The situation is different under the Pt electrode [45,70,87,91].
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temperature. This is in contrast to the usual (ground-state)
condensation phenomena that normally occur as the
temperature decreases. The behavior of our system is similar
to that of a free-electron gas inside ultrapure two-dimensional
materials such as monolayer graphene encapsulated by
two layers of hexagonal boron nitride [59,60]. In the latter,
electron transport becomes hydrodynamic at high temperature
and can thus be described by the Navier-Stokes equation [61].
This leads to unusual transport behavior, as first predicted
by Gurzhi in the 1960s [62]. Our results thus suggest that
very similar processes are at work in ultralow damping
magnon conductors [63-65], the consequence of which is the
emergence of a magnetohydrodynamic regime at high power.

III. ANALYTICAL FRAMEWORK

Since the discovery of spin injection into an adjacent
magnetic layer [66], there have been extensive efforts to de-
scribe the high-power regime of magnets excited by STE
from an external source. For highly confined geometries, such
as nanopillars, the pertinent picture that emerged is that of
a dynamical state dominated by a single eigenmode whose
damping is reduced or enhanced by the external flow of an-
gular momentum [34,35]. Its peculiarity is the emergence of
an autooscillation regime, which characterizes the damping
compensation threshold I. The selection of the dominant
eigenmode is mostly based on the relaxation rate criterion,
which favors the lowest possible value [36,38]. It usually
coincides with the Kittel mode, whose characteristic is to have
the longest wavelength or smallest wave vector (a criterion
mostly valid for strong confinement). In pillars based on ul-
trathin films, the eigenfrequency is roughly determined by the
so-called Kittel frequency [67], which has a simple analytical
form wg = yuo~/Ho(Hy + M) for an in-plane magnetized
sample, where y is the gyromagnetic ratio. In nanopillars,
the degeneracy with other magnons modes is removed by
confinement, preventing them from playing a significant role
in the dynamics [38,68]. An additional advantage of working
with nanopillars is that the free magnetic layer is efficiently
thermalized with the substrate and any Joule effect produced
by high-current densities is reduced. In the case of current
perpendicular to the plane (CPP), the value of the threshold
current for damping compensation is set by Iy, = 2geN /€y,
where I'x = a1 gwk is the relaxation rate of the Kittel mode,
ay LG is the damping parameter, N' = V\ M| /(y k) is the effec-
tive number of spins that can flip within V| = tyjgw;Lp, the
magnetic volume fed by the spin emitter, and ¢ is the overall
efficiency of both the spin-to-charge interconversion and the
interfacial spin transfer process that depends on spin diffusion
length of Pt and spin mixing conductance at the Pt-YIG inter-
face [see below Eq. (A1)] [33,38]. While the introduction of a
well-defined Iy, as described above, successfully allows to de-
scribe the high-power regime of STE in confined geometries,
where the magnon modes are discrete, it will be shown below
that the application to extended thin films, where the magnon
dispersion is continuous, requires the additional consideration
of coupling between degenerate modes. This is done by intro-
ducing a power-dependent damping rate leading in this case
to a threshold current that increases as E; — 14y ({1) vanishes.

A. Magnon transport in extended thin films

Extending the zero-dimensional (0D) model [38,42,69] to
either the one-dimensional (1D) [70-72] or two-dimensional
(2D) [10,35,73] case systems has proven challenging. Ex-
perimentally, this extension has been made possible by the
discovery of regenerative spin transfer mechanisms, such as
the spin Hall or Rashba effects, which provide STE while al-
lowing the charge current to flow in-plane (CIP). The nonlocal
device used to measure magnon transconductance is shown in
Fig. 1(a). It has two contact electrodes deposited on YIG and
subjected to the spin Hall effect (in our case, two Pt strips
Lp; = 30 um long, wp; = 0.3 um wide, and tp; = 7 nm thick).
The two stripes are separated by a center-to-center distance
d. To reach the high-power regime, current densities up to
10'2 A/m? are injected in Pt;.

To characterize the transport properties, we propose to fo-
cus on the dimensionless transmission coefficient .7; = L, /I,
which corresponds to the ratio of the emitted and collected
spin Hall currents circulating in the two Pt strips, Pt; and
Pt,. The quantity .7; /R, can be loosely related to the magnon
transconductance.’

Note that since STE is a transverse effect, the differ-
ent cross sections of the spin and charge currents must be
taken into account, resulting in the STE efficiency Icpp =
IcppLp/tp;. Assuming that all injected spins remain localized
below the emitter, one can obtain an estimate for the amplitude
of the critical current that compensates for the I'k attenuation
for this confined mode:

fn ) Tk M’ 1)

e €1 yh
where e is the electron charge. A numerical calculation yields
In =~ 1.25 mA for YIG¢ films (see Table I). As will be
shown below, the corresponding expression for the threshold
current in extended thin films, Iy, differs significantly from
the simplistic estimate above. First, the magnon continuum
with the absence of discrete energy levels in unconfined ge-
ometries allows for nonlinear interaction between degenerate
eignemodes [56,56,74], whose signature is a power-dependent
magnon-magnon scattering time [75-78]. Second, the Joule
heating and the less efficient thermalization of the emitter lead
to a significant increase of the emitter temperature 77| r=

Ty + kRI} for large currents. In our notation « represents the
thermalization efficiency of our Pt stripe. It is the coefficient
that determines the temperature rise per deposited Joule power
(see Fig. 11 in [53]). Here the rise is produced relative to Ty,
the temperature of the substrate. This introduces additional
complexity due to a significant variation of M, the magneti-
zation under the emitter. These difficulties are large spectral
shifts of the magnon manifold on the scale of Ex — Eg: the
relevant energy range for large changes in the low-energy
magnon density in thin films. In the following we will present
a model that includes all these effects and allows to model

2More precisely, the magnon component requires an additional
renormalization by the product €, €,, which factors out the interfacial
efficiencies of the spin-to-charge interconversion process at both
electrodes (see Paper II [53]).
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the magnon transmission ratio [see Fig. 1(c)]. In this model,
T depends on a low current nominal estimate of Zy, o whose
value is to be extracted from the fit to the data. Although
the estimate provided by Eq. (1) gives the correct order of
magnitude, the fit value is systematically larger, indicating
that the volume affected by STE is much larger than just the
YIG volume covered by the Pt; electrode.

B. Spin-transfer effect in extended thin films
1. Magnon chemical potential

On the analytical side, the single-mode picture [38] is no
longer relevant and should be replaced by a statistical distri-
bution filled by an integration over all possible wave vectors
f dk/(2m)3 [14]. The appropriate framework to describe the
out-of-equilibrium regime of the magnon gas is the Bose-
Einstein statistics [see Fig. 2(a)]:

1
exp [(hwx — um)/kgT)] — 17

where wy, is the electrically controlled chemical potential of
the magnons whose value follows the expression [30]

wy = Egh [T, 3

where the analytical expression of Zy, in extended thin films
will be defined later in Eq. (8). A drastic change in the density
of low-energy magnons is expected when u,, approaches E,,
indicated by a blue dot in Fig. 2(c) [46]. This energy level cor-
responds to the spin-wave eigenmode with the lowest possible
energy in the dispersion relation of in-plane magnetized thin
films. It occurs for spin waves propagating along the mag-
netization direction with wave vectors k, ~ 27 x 10° cm™!,
or wavelength A, ~ 600 nm. Such a wavelength is still very
large compared to the film thickness, and for all practical
purposes we will assume that the magnons behave as a 2D
fluid in the lowest spectral part of the magnon manifold as
shown in Fig. 2(c), and thus the density of states is a step
function as shown in Fig. 2(a) [79]. In addition, in thin films,
the gap between E, and the energy of the Kittel mode Eg
(black dot) is small, so that for all practical purposes E, ~ Eg
can be approximated by the analytical expression of Fwg.
It will be shown below that in extended thin films both Z,
and E, depend on I, the current bias, for two different rea-
sons: (i) as mentioned above, the poor thermalization of the
electrodes leads to a decrease of M| with increasing thermal
fluctuation produced by Joule heating (oc/?), and (ii) the finite
degeneracy of the magnon bands allows nonlinear coupling
between eigenmodes via dipolar coupling [see Fig. 2(b)].
As a consequence, I'y;, the magnon-magnon relaxation rate
which defines 7y, increases for higher densities of low-energy
magnons.

A drastic simplification can be made by noting that for
boson statistics there are two ingredients that give rise to a
change in the magnon occupation described by Eq. (2): one is
the chemical potential 1),; the second is the temperature of the
emitter 7. The former dominantly affects the low-lying spin
excitations, while the latter affects the whole spectrum, mostly
weighted by the high-energy part. It is therefore natural to
simplify the problem as a competing two-fluid problem: one
of magnetostatic nature at energy around Ex and a second of

n(wy) =

@

exchange nature at energy around E; ~ kgT;. The segregation
within the two fluids is precisely the focus of the related
work in Paper II [53]. Thus, to describe the magnon transcon-
ductance in our nonlocal devices, we propose to split the
transmission ratio J; = Jx + 7 into two separate compo-
nents, each accounting for the contribution of the low-energy
and the high-energy magnons [53].

2. Transconductance by low-energy magnons

We now concentrate on deriving an analytical expression
for the low-energy magnon transmission ratio Jx in the linear
regime (I} < Iy). Starting from Eq. (2), we derive the linear
variation of the low-energy magnons around the Kittel energy
Eg, which is measured by Ang = |ngx(+1) — ng(—1)|/2,
where the number of magnons emitted by the STE (I} H, < 0)
in Fig. 1(b) is measured relative to the number of magnons
absorbed while reversing the current (or magnetization) di-
rection (I{1H, > 0) [80]. In Fig. 1(c) these two biases are
symbolized by » for the forward bias (magnon emission),
and by <« for the reverse bias (magnon absorption). The sub-
traction allows to distinguish electrically produced magnons
[7(wy) is odd in [;] from magnons produced by pure Joule
heating [n(wy) is even in I;] [8,81-83]. Following the expres-
sion of n(wy) in Eq. (2), one obtains an analytical expression
for the variation of the number of low-energy magnons [80]:

kgTy 1 1

An ~ ,
K™ Gk T 1= (h/Zay

“

where Zy, was introduced in Eq. (3). The application of
current causes a relative decrease of the magnetization ac-
cording to the expression AM; = Angyh/Vi, where V; is
the effective propagation volume of these magnons. These
fluctuations are then detected nonlocally by the change in
the spin pumping signal generated in the collector: Al /e =
€ wg(opwy/Go)AM, /M,, where €, is the total interfacial
efficiency of spin-to-charge interconversion at the collector,
w; is the width of the collector, Gy = 2¢?/h is the quantum of
the conductance, and M, and M, are the magnetization values
under the emitter and collector, respectively. Since the latter
two values differ when the emitter and collector are at differ-
ent temperatures, we have AM, = ¢ MAM,/(2M;), where
¢ = e 4% « 1 is the attenuation ratio of the spin signal as
magnons propagate from the emitter to the collector, where
Mk is the characteristic decay length and the factor % takes
into account that an equal flux of magnons will propagate
undetected in the opposite direction. Thus, the transmission
ratio of low-energy magnons
AIZ ewgk M 1

x €—— — Ang]y, %)

Ikl = —
il I L M,

finds an analytical expression, which in the linear regime
(I < Iyp) simplifies as

ksTi — opws My vh
achox Gy My Mityigwitp,

—d
Tl ce™Mere ©6)
where the value of Zy, o has been replaced by the analytical
estimation of i, as expressed by Eq. (1). The above expression
predicts an increase in the magnon transmission ratio with
decreasing film thickness oct;llc;, consistent with recent results
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FIG. 3. Electrical variation of magnetic properties at high power.
(a) Temperature rise at the emitter due to Joule heating T;| el As
shown in (b), this results in a reduction of the magnetization below
the emitter M, |7,. We define I, the critical current to reach T, the
Curie temperature. (c) Variation of the presumed threshold current
for damping compensation, which determines the slope at which py,
approaches E,. Assuming a nominal threshold current Zy, 9, which
could be arbitrarily large, the reduction of M, causes a collapse
of Iy = Ith.OMTpk /My, < I., with I being the expected onset of
auto-oscillation for noninteracting magnons taking into account the
temperature variation of M,, the magnetization under Pt,. The orange
arrow in (c) indicates I,y when the normal threshold Zy, o = 5 mA and
I, = 2.2 mA, implying Zy ¢ > I.. Due to parametric instability, the
occupancy of any eigenmode is capped at ng,, the saturation level, by
a sharp increase in I',,, the nonlinear coupling between degenerate
modes, as shown in (d). This translates in (c) as a sharp increase of
Zin = Tinol'm/(aLLcwk ), as py approaches E,.

[84]. This follows directly from the fact that the spin pump-
ing signal I, is proportional to changes in magnon density.
Relating this to an external flow of spins from the interface
decaying at a fixed rate, the result simply translates to the
concentration being inversely proportional to the magnetic
film thickness, all else being equal.® This raises the question
of how far the transmission can go up when ty;g — 0. It will
be shown below that the answer is disappointing because the
nonlocal geometry inherently prevents efficient transport of
low-energy magnons. The other geometrical influences are
confirmed in the Appendix (see Fig. 8). Note that at large
currents, Joule heating increases the temperature of the lattice
below the emitter, as described in Fig. 3(a). The corresponding
lateral temperature gradients may also introduce additional
dependencies [85,86], which are not considered in Eq. (6).
Also, we do not consider here the effects of the local gradient
of the external magnetic field near the emitter caused by the
Oersted field generated by the current /; [87].

C. High-power regime

Having established the linear response, this section reviews
the phenomena that affect the propagation of low-energy

3This argument neglects how the changes in the dispersion curve
while varying the thickness of the thin film could also affect the
transmission ratio.

magnons in the strongly out-of-equilibrium regime. We dis-
tinguish between thermal effects and nonlinear effects within
the low-energy magnon gas.

1. Joule heating

As mentioned above, the 2D geometry prevents efficient
thermalization of the magnetic material. Therefore, at high
current densities, one should expect a significant variation of
Ti. We define T} =Ty + KRIIZ, the temperature rise of the
emitter caused by Joule heating when the substrate is at Tp,
and again « is the coefficient that determines the tempera-
ture rise per deposited Joule power. Figure 3(a) shows the
typical parabolic increase of 7; produced by passing high
current densities through a very thin Pt strip of 300-nm width.
The collateral damage is a decrease in the saturation mag-
netization, which decreases with increasing temperature [see
Fig. 3(b)], approximately along the analytical form M7y ~
Moy+/1 — (T /T,)3/%, where My is the saturation magnetization
atT = 0 K [53,88]. These temperature changes induce a large
spectral shift of the magnon manifold. The relevant energy
scale here is set by the difference between Ex — E,, which is
less than half a GHz in these thin films as shown in Fig. 2(c).
Furthermore, the rise can easily exceed 7, the Curie temper-
ature, even when trying to use the pulse method as a means to
reduce the duty cycle [54]. We define the current I, needed to
reach T, = Ty + KRICZ. In this case, we expect M} = 0 at I, as
shown by the arrow in Fig. 3(b).

In turn, the decrease of M; should cause a collapse below
I, of any threshold currents at the emitter site. At this stage
we still assume that the magnons remain noninteracting. We
define Ik = Ith,oMTpk /M7, [80], the conjectured threshold cur-
rent below the emitter heated by the Joule effect, while Zy, o
is the nominal threshold current estimated from the magnetic
properties at /; = 0. In our notation, T,k is the temperature
of the emitter at I, while Ty is its temperature at /; = 0. The
position of I, can be obtained graphically by looking at the in-
tersection of the dashed curve, which represents Zy, oM, /M7,
and a straight line of slope 1 crossing the origin, shown by
the dotted points in panel Fig. 3(c). The vertical orange arrow
indicates the expected position of the auto-oscillation onset,
assuming that the nominal value is Zy, o = 5 mA.* It is impor-
tant to note that the position of I is very weakly dependent on
the nominal value if Zyy, o >> I, because of the rapid decrease
of M near [, [see Fig. 3(b)]. We will return to this observation
when discussing below the relevant bias to renormalize the
data.

The important conclusion at this stage is that, taking into
account the Joule heating, the damping compensation should
always be achieved within the range [—1., I.], regardless of
the value of Zy, ¢. Thus, as long as the single-mode picture
remains valid, one should always observe a divergent increase
of the number of magnons within the currently explored
range. We will show below that this is not the case, and that
the culprit is the increased magnon-magnon scattering, which
prevents the divergent growth of the magnon density.

4This corresponds to about a fourfold improvement over the esti-
mate by Eq. (1) for YIG¢.
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2. Self-localization effect

We begin this discussion by emphasizing a trivial obser-
vation about the magnon dispersion curve, which concerns
nonlocal devices, i.e., magnon transport outside the volume
below the Pt-YIG interface. Lateral geometries are not ap-
propriate to study condensation, which selectively favors the
lowest-lying energy mode, such as BEC. For in-plane mag-
netized thin films, the minimum in the dispersion relation
E, corresponds to a mode with vanishing group velocity,
i.e., a nonpropagating mode [89] [cf. blue dot in Fig. 2(¢)].
This means that nonlocal devices are inherently insensitive to
changes in the magnon population that occur in a localized
mode. This situation is exacerbated when changes in bias or
design end up increasing the magnon concentration because
of the nonlinear redshift of the magnon spectrum. This pushes
the entire spectral range of low-lying spin fluctuations at the
emitter below the magnon band gap for outside the emitter.
This prevents these magnons from reaching the collector and
further promotes self-localization [87,90,91]. The latter is
further enhanced by temperature variations caused by Joule
heating when large currents are circulated in the emitter.

These effects can be mitigated by lowering the nonlinear
frequency shift [73,92-94]. A first possibility is by tilting the
sample out of plane. There is a peculiar angle where the depo-
larization effect vanishes [95]. A second possibility is to use
a material whose uniaxial anisotropy, 2K, /M, compensates
for the out-of-plane demagnetization factor woM;, leading to a
vanishing effective magnetization. Note that full redshift can-
cellation requires tuning the uniaxial anisotropy to a precision
of the order of (Ex — E,)/(yh) (see below). In this case, the
Kittel frequency simply reduces to wg = y oHp and is inde-
pendent of the magnetization amplitude or direction. It has
already been noted that this eliminates the self-localization
effect of the depolarization factor and thus promotes spin
propagation outside the emitter region [73]. It will be shown in
Paper II that even if the redshift is extinguished and the prod-
uct €16, < 1 is omitted, the transmission ratio remains well
below 50%. This upper limit is actually expected, considering
that less than half of the magnons propagate in a direction
captured by the collector. Finally, we add that this difficulty
of efficient transmission affects not only low-energy magnons,
but also high-energy magnons, which suffer from very short
decay lengths (see Paper II).

3. Lorentz factor enhanced magnon-magnon decay rate

We now focus on the intermagnon nonlinearity that oc-
curs at high power. We are mainly concerned with saturation
effects. This instability arises from the nonisochronous pre-
cession of the magnetization (inherent to elliptical orbits),
which radiates at harmonics of the eigenfrequency, allowing
parametric excitation of other modes [96]. This problem was
first described by Suhl [57,97]. It is interpreted that the num-
ber of magnons that can fill a particular mode is limited by its
nonlinear coupling with other magnon modes, by introducing
a magnon-magnon relaxation time that depends on the mode
occupation. The usual requirement is to find a degenerate
eigenmode within the linewidth. Since this effect depends
on the level of degeneracy, it becomes dominant in extended
thin films due to the increase in mode density. Moreover, the

peculiar shape of the band structure of the magnons at
low-energy levels introduces a discrimination between the
different frequencies in terms of the number of degenerate
modes. It turns out that the energy level with the largest
number of degenerate modes occurs precisely at the Kittel
frequency. This is emphasized in Fig. 2(c) by shading the de-
generacy weight in gray. It should also be noted that among all
the modes being degenerate at Ex, the mode with the highest
group velocity, which also propagates along the normal direc-
tion to the wires, is the point E¢ marked by an orange dot in
Fig. 2(c). Interestingly, the wavelength at the orange dot here
is of the order of 1/wy, the lateral size of the Pt; electrode.
This suggests that low-energy magnon transconductance is
preferentially carried by magnons at this particular position
in the dispersion curve.

To describe the nonlinear interaction between magnons
we introduce a saturation occupancy N, which marks the
maximum number of magnons that one can put in one mode
before decay to degenerate energy levels starts to kick in. Near
this threshold, we assume that the damping rate follows the
equation [98]

Ik
1= (Angly V)’

with I';, — [’k representing the nonlinear enhancement of the
relaxation rate caused by magnon-magnon scattering. The
dependence of I, on I; is plotted in Fig. 3(d).

1—‘lm|11 =

@)

4. Current threshold in extended thin films

To account for the increase of correlation between

magnons discussed above, we replace I, in Eq. (1) by
MTl r m|1]

I 1, —Ith,OMTO T 3
Introducing this new expression of Zy, into Eq. (4) gives a tran-
scendental equation for Zy;,, whose dependence on [; is shown
in Fig. 3(c). As Ang(I1) approaches Ny by increasing 11, Zy,
rises sharply together with the damping I',,(I;) as shown in
Fig. 3(d) according to Egs. (7) and (8). The consequence of
this increase is that Zy, remains unreachable due to a redis-
tribution of the injected spin among an increasing number of
degenerate eigenmodes. The consequence for the dependence
of 1y, the chemical potential of the magnons, on /; is shown
in Fig. 2(b). Near the origin, the linear dependence of 1), on
I, is set by the intrinsic damping parameter. As Joule heating
begins to decrease the magnetization M; below the emitter,
it shifts the curve upward. In the same way, the decrease
in magnetization pushes E, to a lower energy in accordance
with the redshift nonlinear frequency coefficient. The sharp
rise in I[',,(1;) near I stops the rise and py,, which eventually
approaches E, asymptotically at high currents.

Figure 1(c) shows the expected behavior produced at I, for
two values of ng,; = 5 (solid line) or 10 (dashed line). Here we
use as parameter ng, = Ny /NnL the value expressed relative
to ML = N Tk /wy, which marks the onset when the change
in magnetization becomes of the order of the linewidth, with
wy = yuoM; = 2r x 4.48 GHz [58]. In these data we as-
sume that . = 2.5 mA and I,x = 2.2 mA, which is equivalent
to assuming that Zy, ¢ = 5 mA [see Fig. 3(c)].
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Depending on the current values, we observe three regimes
of transport: O I} < I./2, where we have a linear behavior
L ocIi; @1 € [1./2, Ik], where we have an asymmetric poly-
nomial increase I, o (1 — I}/1*)7", the regime for the spin
diode effect in an extended film; ® I; € [k, 1], where we
have a drop of I, o« (1 — I3 /12)"/?. In the following we will
use Eq. (4) combined with Eq. (8) to fit the data. Note that
the result is obviously inverted by reversing the field direction
(not shown).

We conclude this section by emphasizing that the suscep-
tibility of low-energy magnons to capture external angular
momentum flux in a thermally changing environment predicts
a distinctive nonlinear shape for the current dependence of
the magnon transmission ratio, which will be confirmed by
experimental data in the following sections.

IV. EXPERIMENTS

In this section, we present the experimental evidence sup-
porting the physical picture presented above. We focus on the
nonlinear and asymmetric transport properties, our so-called
spin diode effect, and the extraction of the relevant parameters
that govern it.

A. Nonlocal magnon transport
1. Measurement of the magnon transconductance

The experiment is performed here at room temperature,
To = 300 K, on a 56-nm-thick (YIG() garnet thin film whose
physical properties are summarized in Table 1. As explained
in Paper II, we deliberately choose a device with a large sep-
aration between the two Pt electrodes (d = 2.3 um) to allow
the low-energy magnons to dominate the transport properties.
By injecting an electric current /; into Pt;, we measure a
voltage V, across Pt,, whose resistance is R,. To subtract all
nonmagnetic contributions, we define the magnon signal %5 =
(V2,1 — Va,))) as the voltage difference between the normal and
parallel configurations of the magnetization with respect to the
direction of current flow in Pt. Figure 4(a) shows the measured
variation of ¥5 for a large span of /;. The maximum current
injected into the device is about 2.5 mA, corresponding to a
current density of 1.2 x 10'2 A/m?2. The Joule heating at this
intensity is large enough to reach T, the Curie temperature.
The resulting voltage %5 is shown in Fig. 4 for both positive
(H, pointing to +x) and negative (H, pointing to —x) polar-
ity of the applied field, whose amplitude is uoHy = 0.2 T.
In Fig. 4(a), the expected inversion symmetry with respect
to the field polarity has been folded between H, > 0 (left
ordinate label in pink) and H, < O (right ordinate label in
blue) to directly emphasize the STE-induced deviation be-
tween magnon emission and absorption. The measured signal
decomposes into two contributions ¥ = —Rxb|;, +72| X
one is b, the electrical signal produced by the STE, and the
other is ¥, a background voltage associated with magnon
transport along thermal gradients. The latter voltage corre-
sponds to the spin Seebeck effect (SSE). One expects ¥, ~ 0
in well-thermalized devices. We emphasize the minus sign in
front of I, which accounts for the fact that the spin-charge
conversion is an electromotive force, so the current flows in
the opposite direction to the voltage drop. It is thus a reminder

r
a ()
(@) Ll Hx >0 ..' X
s e H, <0 V< & e P
L TR : SR
2 g ¥ d=23pm &
i 2 HoHx=02T 4 !
N

0.5
(b) e He<O

—I> (nA)

FIG. 4. Experimental observation of the spin diode signal.
(a) Shows the I; dependence of the nonlocal voltage ¥; = (V5 —
V2,): voltage difference between the normal and parallel configura-
tions of the magnetization with respect to the direction of current
flow. The data are shown for both positive (left axis in pink) and
negative (right axis in cyan) polarity of the applied magnetic field
H,. The sign of 7 is reversed when the field is inverted. The
nonlocal voltage ¥5 = —R,, + Y, is decomposed into an electric
signal I, and a thermal signal ¥, (black). (b) Shows the variation of
I, at H, < 0 in forward and reverse bias. The blue and red shaded
areas in (a) and (b) highlight, respectively, the regimes of magnon
emission and absorption, respectively, for the forward and reverse
bias. (c) Plots the magnon transmission ratio .7, = AL /I, where
AL = (I — LY)/2. The solid line is a fit with Egs. (4), (7), and (8)
using ng, = 4 and Zyy, o = 6 mA. The gray shaded region shows the
assumed background contribution to spin conduction by high-energy
magnons X7 (cf. [53]). The data are collected on the YIG¢ thin film
at ambient temperature 7y = 300 K, using a device operating in the
long-range regime (d = 2.3 pum).

that the resulting polarity is opposite to the Ohmic losses [54].
In the linear regime (I; — 0), the electrical signal is even or
odd with the polarity of H, or I;, while the thermal signal is
always odd or even with H, or I; [10].

Focusing on the nonlinear behavior observed for the H, <
0 configuration (blue data),” we label the forward bias as
;> as the nonlocal voltage for /; > 0 and the reverse bias
as #,% as the nonlocal voltage for ; < 0. The cancellation
of Joule effects can be obtained simply by calculating the
difference ¥, — ;> which eliminates any contribution that
is even in current. The latter quantity represents the number
of magnons produced by the STE relative to the number of
magnons absorbed by the STE at a given current bias |/;].
The inset (c) of Fig. 4 shows the observed averaged be-
havior AL = (I — L,Y)/2 = (4,4 — ¥.%)/(2R,), expressed
as a renormalized quantity .7, = AL/I;, a strictly positive

SResults for the opposite polarity are derived by mirror symmetry.
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FIG. 5. Experimental evidence that the spin diode effect is domi-
nated by low-energy magnons. (a), (c) Show the microfocus Brillouin
light scattering («-BLS) spectra as a function of /; performed under
the two Pt electrodes (see black dot on the inset) at Posl (emitter)
and Pos2 (collector) for H, < 0. Each BLS spectrum is renormalized
by the amplitude of the Kittel peak at I; = 0. (b), (d) Show two
sections at fixed current /; = £2 mA near . The green marker
indicates the spectral position of Ex at I, =2 mA. The spectral
position of the self-localized spin fluctuations Ek; (see circles) at
I} = 42 mA (see orange marker) occurs well below E,, ~ Ek, at
Pos2 (see green marker). The shift Ex; — E, is about 0.7 GHz. The
paramagnetic limit y puoHy/(2m) is indicated by the yellow vertical
dotted line at 5.8 GHz. (e) Shows the integrated BLS intensity at
Pos1 as a function of /;. The solid blue line is a guide for the eye.
The black dashed line shows the expected variation of thermally
activated low-energy magnons produced by Joule heating. In echo
with Fig. 4, the blue and red shaded areas highlight the variation of
magnon emission and absorption with respect to thermal fluctuation.
The inset panel (f) shows the evolution of M; induced by Joule
heating. The blue points are inferred from the evolution of the Kittel
frequency [dashed parabola in (a)]. The dashed lines are inferred
from the SQUID-VSM measurements shown in Fig. 11 of Ref. [53].
The data are collected on the YIG, thin film at 7, = 300K using a
device with a distance d = 1.0 um between the two Pt electrodes.

parameter, as suggested by Eq. (6). However, the subtraction
operation does not allow to separate the behavior between the
forward and the backward directions. In fact, the asymmetry
of the electrical signal cannot be obtained from the transport
data alone. It requires additional input information. This will
be provided below by the measurement of the integral inten-
sity of the BLS signal, which directly monitors the low-energy
part of the magnon spectrum. Based on the experimental BLS
observation in Fig. 5(e), we expect the magnon transmission
ratio to show continuity over the origin (/; = 0) and to behave

as a step function of amplitude in the reverse bias up to
I.. This leads to the expression 7,4 ~ Z|;,-0T1/Ty for the
magnon transmittance in the reversed bias below I.. The ratio
T, /Ty takes into account that the number of thermally excited
low-energy magnons in the reverse polarization varies with I
due to Joule heating. This introduces a second-order distortion
which will be discussed in more detail in the next section and
in Paper II. So we construct ¥, = —#,* 4+ R,.7,*I; in the
reverse bias from the opposite magnetic configuration. We
then force 7, to be even in current to get the forward bias
behavior. The result is shown as black dots in Fig. 4(a). We can
then derive Iy’ = (¥, — %)% )/Ry and LY = (¥, — ¥, /R,
which is shown in Fig. 4(b).

In Fig. 4(b) we observe three different transport regimes
as predicted above. We have © with [} € [—2.2, 1.1] mA:
the spin conductance is approximately constant; @ with [; €
[1.1,2.2] mA: the spin conductance increases gradually and
saturates quickly; and ® with |[;] € [2.2,2.5] mA: the spin
conductance decreases abruptly to vanish at I.. Only the
regime @ is antisymmetric in current. We emphasize at this
stage that the sequence of behavior is reminiscent of the three
regimes predicted in Fig. 1(c). We can also repeat the same
analysis to construct the data when H, > 0 (see Paper II).
As expected, the polarity of the asymmetry reverses when the
magnetization direction is changed. In all cases, the forward
regime occurs only when I} H, < 0, which corresponds to the
polarity of the damping compensation.

In the next section, we will confirm the above behavior
using BLS spectroscopy. Throughout the rest of the paper,
we will always discuss the data as shown in Fig. 4(c) in the
form of Al as a function of |I;| and properly renormalized by
I; and T; to allow comparison between different devices (see
Paper II [53]).

2. Spin diode effect

We now discuss in more detail the amplitude of the asym-
metric rise of the I, signal in Fig. 4(c). A striking feature of
Fig. 4(c) is the limited growth of the spin diode signal, which
is capped by a meager factor of 3 rise compared to the value at
small currents. This variation is significantly smaller than the
changes in cone angles observed at the damping compensation
threshold in nanopillars, which reach several orders of
magnitude. Such inefficiency is further confirmed by previous
reports aiming at modulating the transport by damping com-
pensation with an additional heavy-metal electrode placed
between the emitter and the collector, which increases the
conduction by a factor of 6 at most [14—16,94,99]. As shown
in Fig. 2, this cannot be explained by a threshold current
larger than the current explored window [—1., +1.], but rather
indicates a strong coupling between the magnons that prevents
a large growth of the magnon density. The asymmetric
contribution is well accounted for by Eq. (4). The best fit is
obtained by using T =515 K, Zpo =6 mA and ng =4
and is indicated in the plot by the solid line. The low-energy
magnon contribution is added to a background indicated by
the dashed line. This background accounts for the competing
contribution of high-energy thermal magnons to the electrical
transport. Its origin and analytical expression can be found in
Ref. [53]. In our fit, it represents a 50% additional contribution
Y7 /(g + X7) = 0.5 in Eq. (4) of Ref. [53]. We also note
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that the value of T* used for the fit is significantly different
from the Curie temperature of this film (see Fig. 11 of
Ref. [53]). This point will be investigated in more detail in
Paper II [53].

B. Brillouin light scattering

It is useful at this stage to confirm spectroscopically that the
spin diode effect reported above is indeed due to an asymmet-
ric modulation of the low-energy magnons. BLS is a technique
of choice for this purpose since it is specifically designed
to monitor spectral shifts in the magnon population at GHz
energies. Furthermore, its high sensitivity allows the detection
of fluctuations down to the thermal level. While in the past
we have performed comparative studies of the transport and
BLS behavior on exactly the same device [10,54], in this
particular case we will introduce in the discussion a thinner
YIG, garnet film, whose physical properties are also given
in Table I. The change of samples is not intentional and is
purely related to the chronological context of the experiments.
For all practical purposes, the only relevant difference is a
change in the value of /. from I, = 2.5 to 2.1 mA for YIG¢
and YIG,, respectively, due to differences in Pt resistivity.
We have verified that all other properties discussed here are
generic to both samples.

Since we are interested in local changes in the magnon
population, we use microfocus Brillouin light scattering (u-
BLS) spectroscopy [100]. The probe light with a wavelength
of 532 nm and a power of 0.1 mW is generated by a single-
frequency laser with a spectral linewidth of <10 MHz. It
is focused through the sample substrate into a submicron
diffraction-limited spot using a 100x corrected microscope
objective with a numerical aperture of 0.85. The scattered
light was collected by the same lens and analyzed by a six-
pass Fabry-Perot interferometer. The lateral position of the
probe spot was controlled using a custom-designed high-
resolution optical microscope. The measured signal (the BLS
intensity at a given magnon frequency) is proportional to
the spectral density of the magnons at that frequency and
at the position of the spot. By moving the focal spot across
the film surface, we can obtain information about the spatial
variations of the magnon spectral distribution. Note that only
low-energy magnons contribute to the BLS intensity since the
BLS technique is sensitive only to the wave vectors smaller
than 2.4 x 10° cm~!. However, since the frequency of magne-
tostatic magnons also depends on the total number of magnons
in the sample, the spectral position of the Kittel peak allows to
derive information about the local temperature from the BLS
data [101,102].

Figure 5 compares the current modulation of the spec-
tral occupation below the emitter and collector electrodes
labeled Posl (x = 0, emitter) and Pos2 (x = +d, collector).
The position of the spot is indicated by a black circle in the
inset images in Figs. 5(a) and 5(c). To allow a quantitative
comparison of the different locations, all curves have been
renormalized by the value of the thermal fluctuations at I} =
0, which is assumed to be constant throughout the thin films.
In all these measurements, the field is fixed at puoH, = —0.2
T: a value identical to that used in the transport measurement
shown in Fig. 4.

We start the analysis by concentrating first Fig. 5(a), which
shows in a density plot the actual variation of the magnon
spectra at Posl. The spectral variation of the BLS signal
at I} = 0 leads experimentally to a peak instead of the pre-
dicted step function shown in Fig. 2(a) for 2D systems. The
attenuation of the spectral sensitivity at high frequencies is
an experimental artifact related to the extreme focus of the
optical beam, which renders the scattered light insensitive to
spin waves whose wave vectors are larger than the inverse
of the beam waist. The decrease of the signal above the Kit-
tel frequency is thus directly related to the transfer function
of the detection scheme, which attenuates short wavelength
magnons [35,103,104].

The black dashed lines in the plots Fig. 5(a) show the shift
of the Kittel frequency as a function of /;. At low current,
the shift follows a parabolic behavior as expected for Joule
heating. Note that the curvature of the parabola increases as
one moves away from the heat source, as shown in Fig. 5(c)
taken at Pos2, which we associate with the lateral thermal
gradient 9,77 < 0 [84,88]. It is also worth noting that for
the signal at Posl in Fig. 5(a), the local curvature increases
dramatically as one approaches I., which we attribute to the
decrease in M| as T approaches T.. Interestingly, the effect
is more pronounced at /; > 0 than at I} < 0, suggesting a
self-digging effect due to asymmetric excitation of low-energy
magnons. Also visible in Fig. 5(a) is the extinction of the BLS
intensity in the region ® when I; > 2.1 mA. Finally, the BLS
signal decays at large currents at Posl (below the emitter),
while remaining finite at Pos2 (below the collector).

The density plot in Fig. 5(c) further confirms the enhance-
ment or attenuation of the spin fluctuations depending on the
polarity of the current. Starting from thermal fluctuations at
I} =0, the signal decreases for I;H, > 0 and increases for
I1H, < 0. A more detailed analysis at low current amplitude
(not shown) confirms a linear variation in /; in the region ©.
BLS spectra at large currents are shown in Fig. 5(b). They
compare the magnon distribution observed in Fig. 5(a) at I} =
2 mA for both negative (green horizontal dashed-dotted cut)
and positive (orange horizontal dashed-dotted cut) polarity of
the current. At} = —2 mA, the maximum amplitude in Kittel
mode (green vertical marker at 6.7 GHz) has a normalized
amplitude below 1, i.e., a lower amplitude than at I} = 0. At
I} = 42 mA the density plot shows a significant enhancement
of the signal, highlighted by the dashed circles in Fig. 5(a).
The corresponding amplitude of the signal [orange dots in
Fig. 5(b)] shows an enhancement of more than an order of
magnitude. This enhancement corresponds to the increase in
spin conduction in the region @. In addition, the BLS data
taken at Posl show the self-localization of the asymmetric
excitation due to the redshift that arises for large cone angles
[30,93]. It is important to note that the induced shift is almost
as large as it can be since the Kittel frequency almost reaches
the paramagnetic limit wy = y woHp, visible on Figs. 5(a) and
5(c) as a light vertical dotted line at about 5.8 GHz.% Note that
the paramagnetic limit is reached only for /; > 0 and not for

The resonance line at 5.72 GHz in Figs. 5(a) and 5(c) probably
corresponds to the paramagnetic response of the substrate. For clarity
it has been removed from the plot by background subtraction.

144410-10



NONLOCAL MAGNON TRANSCONDUCTANCE IN EXTENDED ...

PHYSICAL REVIEW B 108, 144410 (2023)

I} < 0. This suggests that the film is still in its ferromagnetic
phase when the signal disappears at I, &~ 2.1 mA. This feature
will be discussed in connection with the discrepancy between
T and T; in Paper II. The excitation pocket created under
the emitter within the circular area also appears as a peak at
Pos2 in Fig. 5(d), centered around the orange vertical marker
at 6.7 GHz, i.e., well below the position of the Kittel mode at
that position (green vertical marker at 7.4 GHz). This suggests
that the collector could still probe magnetic fluctuations that
are spectrally below (about 0.7 GHz) E,, the energy band gap
at this position. Although the amplitude of the peak at the or-
ange marker is significantly reduced as one moves from Posl
to Pos2, confirming numerous indications that the majority
of low-energy magnons remain localized below the emitter
electrode (see below), these spectral fluctuations are not com-
pletely suppressed. We interpret this apparent contradiction
as a signature that the wavelength of the mode excited under
the emitter (A around 0.6 um) remains large compared to the
width of the emitter well, and the ratio corresponds to the
evanescent decay between Pos1 and Pos2. The issue of spatial
decay will be investigated in more detail in Paper II [53].

To gain further insight, we plot the spectral integration
of the BLS signal as a function of /; in Fig. 5(e). The first
key feature directly observed in the plot is the continuity of
the signal across the origin for both polarity of the current
I;. This observation is used above to extract the asymmetry
of the magnon transmission ratio. It will be shown below
that the BLS measurement confirms some other key features
observed in the magnon transport properties shown in Fig. 4.
The second key feature is the limited growth of the intensity
at I,x. However, the size of the peak is larger at Posl than at
Pos2, suggesting the importance of localized magnons under
the emitter. The third key feature is the idea that there are three
transport regimes. In particular, we observe the collapse of the
BLS signal at |I;| > |I.| under the emitter.

To emphasize the similarity with transport, in Fig. 5(e) we
tentatively plot the evolution with /; of the number of ther-
mally activated low-energy magnons produced by Joule heat-
ing with a dashed line. The behavior follows the curve Ang,
introduced in Paper II [53]. The underlying parabolic increase
of this background signal is directly visible in the evolution of
the maximum BLS intensity along the dashed line in Fig. 5(e).
The blue and red shaded areas show the deviation of the BLS
intensity from the nominal thermal occupancy. They indicate
the amount of magnons emitted and absorbed by the STE in
forward and reverse bias, respectively, and the deviation is
analogous to the blue and red shaded areas in Fig. 4(b). For
I} < 1./2 the curves deviate equally from the dashed curve,
indicating that equal amounts of magnons are transferred
between the metal electrode and the YIG film in the linear
regime between forward and reverse bias. The curvature at
the origin should scale as the variation of M, with I;. To
this end, we plot the evolution of M| under the emitter in the
inset Fig. 5(f). The blue points are derived from the variation
with current of the spectral position of the Kittel frequency,
which is sensitive to temperature. The observed behavior is
consistent with the expected evolution of M, with I}, which is
derived from the dependence of 77 on I; as shown in Fig. 11
of Ref. [53]. The result is shown as a dashed line and the
agreement ensures the validity of the evolution with ; of the

thermal background shown in Fig. 5(e). In this data treatment,
we do not attempt to correct for the use of different pulse duty
cycles, which results in a small discrepancy in the value of I..

To conclude this section, we interpret the fact that all the
distinct transport signatures observed in Fig. 4(b) are present
in the BLS intensity shown in Fig. 5(e) as a strong indication
that they are predominantly driven by the change in density of
low-energy magnons below the emitter. However, we observe
a difference in the scaling of the effect, which we attribute to
the self-localization of these low-energy magnons. This will
be the subject of the band mismatch below. A more rigorous
quantification of the localization fraction is part of the analysis
in Paper II.

C. Influence of the lattice temperature

In this section we investigate the relevant parameters that
influence the spin diode effect. To this end, we propose in
Fig. 6 to compare the asymmetric regime while independently
varying either €, the interfacial efficiency of spin-to-charge
conversion, or «, the efficiency of device thermalization. It
builds on our two recent studies [88] and [105], where more
details can be found. The device was patterned on YIGe,
which is the same film as the one studied in Fig. 4, but twice
as thick as the YIG,4 film studied in Fig. 5 (see Table I). In this
batch, local annealing [105] can be used to apparently increase
the spin-mixing conductance Gy, of a single electrode. The
term spin-mixing conductance should be interpreted here as
an effective fitting quantity. As explained by Kohno et al.
[105], the physics at play in this annealing mechanism does
not involve a change in intrinsic properties, but rather a change
in extrinsic properties via an expansion of the contact area.
We denote €, and ¢, as the STE efficiency before and after
annealing. We have shown that applying local annealing for
60 min at 560 K can reduce €,/¢, & 3 without changing the
Pt resistance, i.e., k¢ [105].

We first investigate changes in the spin transport when
alternatively the collector and emitter are annealed using the
four possible combinatorial configurations possible as sum-
marized in the legend of Fig. 6(a). We find in Fig. 6(c) that the
normalized current ratio

T = (T Tl o) ©)

of the four curves fall on the same parabola. Note that we
have introduced the notation of underlined symbols, which
will be referred to in the following as the quantity normalized
to the low current value. The parabolic shape is consistent
with the behavior reported in Fig. 7(c) of Paper II [53], which
suggests a decrease as 1 — (I;/I.)* in the @ regime. This
already supports that the value of ¢ plays very little role in the
relative amount of electrically excited low-energy magnons.
If the sample were well thermalized 7} ~ T, the zero point of
the parabolic fit shifts significantly to higher current values,
as shown below in Fig. 6(f), suggesting that in this case the
extrapolated decay .7 _Y_l points to the amplitude of Zy, as
suggested by the inversion of Eq. (4). The intercept value
decreases as the influence of Joule heating, or k¢, increases
and is bounded by I. as discussed in Fig. 3. We recall that
local annealing has not changed the Pt resistance and thus in
Figs. 6(a)-6(c) the efficiency of Joule heating « is identical
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FIG. 6. Experimental evidence that the spin diode effect is
mainly controlled by thermal fluctuations below the emitter. Spin
diode effect as a function of emitter temperature raised by Joule
heating, T} = Ty + kcRpI?, when either (a) €, the spin-transfer ef-
ficiency, or (d) x¢, the heat dissipation coefficient, are independently
varied. The upper scale shows the corresponding current bias /;. The
legend of (a) shows with the symbols o/¢ which electrode of the
pair (emitter, collector) has been subjected to local annealing [105]
resulting in €,/€, &~ 3 as shown in Table 1. (d) Shows the behavior
when the annealed device is covered by an Al heat sink, which
reduces the efficiency of the Joule heating /. < k¢. In (a) and (d),
all solid lines have the same shape as each other, albeit with different
scaling factors. The right panel shows the corresponding current
dependence of the SSE voltage ¥, in (b) and (e) and the normalized
inverse transmission coefficient of the spin current 9;1 =1/L in
(c) and (f). The dashed lines are parabolic fits.

for all four cases. These conclusions are also consistent with
the behavior of the SSE signal ¥, shown in Fig. 6(b). The
four data sets are exactly divided into two pairs of curves,
which are scaled by the ratio (¢,/€,). The difference is solely
determined by the value of the efficiency coefficient €, on the
collector side. As expected for SSE, changes in the value of ¢,
on the emitter side are irrelevant.

We now plot in Fig. 6(a) the variation of the renormal-
ized STE transmission coefficient Z;Ty/T; as a function of
T, = KcRP[IIZ + Ty, with Ty = 300 K. The normalization by T;
allows to view the magnon density changes from the point of
view of a well-thermalized device, as suggested by Eq. (6).
The upper abscissa scale can be used as an abacus to convert
T; back to I;. On all devices we find that .Z;T/T; increases
nonlinearly above 360 K. Above 460 K the spin transmis-
sion decreases with increasing temperature, as explained in
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FIG. 7. Experimental evidence that the spin diode effect involves
a narrow spectral window of magnons around the Kittel energy.
The upper panels illustrate the band mismatch in the GHz spectral
range between two regions at different temperatures. In (a), calcu-
lated for YIGc thin films, a propagation gap of almost 0.7 GHz
rises between the low-lying magnon modes, when the temperature
difference attains 150 K. There, the frequencies of the low-energy
magnons below the emitter are below the bulk band gap and thus
prevented from propagating and instead encouraged to self-localize,
limiting the growth of the nonlocal signal. In (b), calculated for
(Bi)-YIGg, this barrier vanishes when 2K, /M, — oM, — 0. There,
the low-energy magnons are allowed to contribute significantly to
the long-range spin transport. Comparison of the propensity of low-
energy magnons to travel long distances (d = 4.3 um) between
(¢) YIG¢ and (d) (Bi-)YIGg. We observe a significant increase in the
spin diode signal between (c) YIG¢ and (d) (Bi-)YIGg. We explain
this by the suppression o