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Abstract

Controlling spin currents, i.e., the flow of spin angular momentum, in small mag-
netic devices is the principal objective of spin electronics, a main contender for future
energy efficient information technologies. Surprisingly, a pure spin current has never
been measured directly since the associated electric stray fields and/or shifts in the
non-equilibrium spin-dependent distribution functions are too small for conventional
experimental detection methods optimized for charge transport. Here we report that
resonant inelastic x-ray scattering (RIXS) can bridge this gap by measuring the spin
current carried by magnons — the quanta of the spin wave excitations of the magnetic
order — in the presence of temperature gradients across a magnetic insulator. This is
possible due to the sensitivity of the momentum- and energy-resolved RIXS intensity
to minute changes in the magnon distribution under non-equilibrium conditions. We
use the Boltzmann equation in the relaxation time approximation to extract trans-
port parameters, such as the magnon lifetime at finite momentum, essential for the

realization of magnon spintronics.



Exotic forms of transport in quantum materials can be superior to conventional charge-
based transport by being faster, more energy efficient, and enabling smaller devices' . Spin-
tronics has been the vanguard of the quest to find alternative technologies to conventional
electronics by controlling the flow of the intrinsic angular momentum of the spin®®. How-
ever, a direct experimental observation of these spin currents is challenging. While non-
equilibrium spin accumulations betray the detection of spin currents by readily measurable
stray magnetic fields, the electric fields associated with the flow of spins® have never been
measured. We can only deduce the existence of spin currents via the voltages caused by
extrinsic spin-charge conversion processes'C.

Spin waves, the elementary excitations of the magnetic order parameter, and their
quanta called magnons, are promising candidates in the search for alternative information
carriers'! studied by the field of magnonics'?. In high-quality magnetic materials, prop-
agating magnons convey energy and spin angular momentum over macroscopic distances
without moving charges, thereby suppressing the Joule heating. Presently, spin currents are
mostly measured indirectly by injecting them into heavy metals that convert the current
into a voltage by the inverse spin Hall effect (ISHE)"®!° or directly by tracking the flow of
the spin angular momentum using x-ray magnetic circular dichroism (XMCD)!3!4. Here we
report the first direct observation of a spin current with energy and momentum resolution
by measuring resonant inelastic x-ray scattering (RIXS) spectra of the magnetic insulator
yttrium iron garnet Y3Fes012 (YIG).

Yttrium iron garnet is an electrically insulating ferrimagnet and the material of choice
for magnonics owing to its record magnetic quality'®. A temperature gradient induces a
magnon spin current from the high to the low-temperature side by the spin Seebeck effect
(SSE)™16. However, the indirect detection of the spin current by the ISHE in platinum
contacts prevents the identification of the modes responsible for the bulk transport and the
role of the interface!™ 8.

In this work we use RIXS to study the magnon spin current. The RIXS cross-section is

19.205ver the whole Brillouin zone and across

sensitive to multiple quasi-particle excitations
a large energy range, offering several advantages over other spectroscopies used to study
magnons. For example, magneto-optical Kerr rotation and Brillouin light-scattering detect
coherent excitations at long-wave lengths and ultra-low (GHz) frequencies?!?2, thereby miss-
ing out on thermal (THz) magnons that contribute to the transport by their higher density
of states and group velocities?*. The RIXS spectra of YIG allow us to identify the optical
and acoustic magnon modes characteristic of a ferrimagnet, up to ~ 100 meV. Under non-
equilibrium conditions, the applied temperature gradients modulate the scattering intensity

of the acoustic magnons, even at large momentum q and with an energy of ~ 10 meV.



The characteristic variation of the RIXS intensity detected under +q momentum reversal
unequivocally proves the observation of the spin current. This data allows us to extract a
momentum-resolved magnon transport relaxation time 74 = 58 ns. This material parameter
is essential for calculating macroscopic transport properties, but so far its value has been

elusive to other experimental probes.

MAGNONS IN YTTRIUM IRON GARNET

RIXS is a powerful probe for magnons and their dispersion (fw versus q) in bulk and
thin-film materials?*2>. The magnetic scattering cross section is a product of a local and a
dynamic structure factor?>?®-28, The latter depends on the magnon distribution f(q, wq) at
a given momentum transfer q and energy fwg. The magnetic RIXS cross-section is related

to the magnon distribution function?

d*c

o=~ 2 (@) +1)0(Q = G — q)d(hw — hwq) + (F(@))6(Q — G + a)d (e + fiwg)]

(1)

where Q = G £ q is the total momentum transfer, G is a reciprocal-lattice vector and

hw = hw; — hwy is the difference between incoming and scattered photon energies. Vectors
(scalars) are expressed with bold (regular) font. The first term in Eq. 1 with hAw > 0
represents magnon creation and photon energy loss (Stokes channel), while the second term
with hw < 0 refers to annihilation of thermally generated magnons and photon energy
gain (anti-Stokes channel). The precise proportionality of the terms in Eq. 1 has not been
extensively discussed for RIXS.

The RIXS intensity of YIG is resonantly enhanced at the x-ray absorption edges of the
Fe atoms in the two inequivalent sites, i.e. the tetrahedral (d-site) and octahedral (a-site)
oxygen cages (see unit cell in Fig. 1a). The Fe L o-edge x-ray absorption spectroscopy (XAS)
in the XMCD mode is highly sensitive to the spin orientation and chemical environment®3.
Figure 1b shows the room temperature x-ray absorption spectra (XAS) measured with
positive (C*) and negative (C'7) circular light polarization (see Methods for details). The
XMCD signal (I~ — I*) (blue line) agrees with previous measurements®. The negative
XMCD response at ~ 710 eV comes from the majority tetrahedral d-sites and corresponds
to the transition from filled Fe 2ps/5 core levels to unoccupied Fe 3d, levels. For RIXS, we
tune the resonant energy to ~ 710 eV, as it maximizes the sensitivity to magnetic effects°.

Figure 1c shows the RIXS spectrum of a YIG single crystal at q = [0.2, 0.2, 0.2] in
reciprocal lattice units (r.l.u.), at 7' = 300 K. We analyze the spectral components in the

range [-100, 200] meV by a fit based on seven Gaussians (see Methods for details) and guided
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by the YIG’s magnon dispersion along the [111] direction®' (see Fig. 1d). We identify the
elastic line at 0 meV (yellow), the acoustic magnon mode with parabolic dispersion at
~ 10 meV (blue), and the optical magnon modes grouped around ~ 50 meV (light-blue)
and ~ 90 meV (green). The broad peak at ~ 140 meV (grey) is ascribed to multi-magnon
excitations®?. The spectral weight at ~ —10 meV and ~ —50 meV (red) indicates anti-Stokes

annihilation of thermally excited magnons®3.

SPIN CURRENT UNDER TEMPERATURE GRADIENT

Next, we present the RIXS data measured on a SSE device dedicated to producing a
temperature gradient VT along the [111] direction, and schematized in Fig. 2a. Figure 2b
displays the transverse voltage Vgsg measured across the Pt electrode as a function of the
temperature difference AT, induced by the thermal gradient VT'. The linear trend of Vssg
confirms the presence of the spin Seebeck effect around 7' ~ 300 K3437. The existence of a
magnon spin current is deduced from the presence of Vssg, that is caused by thermal spin
pumping and inverse spin Hall effect™s.

Figure 2c presents the RIXS spectra measured on the device at 300 K under both equi-
librium (AT, = 0 K, purple dotted line) and non-equilibrium conditions (AT} = 15 K, red
dotted line), at qgo. At the presence of ATy, the RIXS spectrum mostly shows changes in
intensity - e.g. no peak shift — with respect to the one in equilibrium. In detail, we ob-
serve a broadening of the ~ 50 meV optical magnon mode and an increased spectral weight
around the quasi-elastic line. The broadening in the ~ 50 meV peak could be explained
with an increase in the average temperature T,, ~ T+ AT} /2, as spin waves tend to weaken
and broaden at elevated temperatures®®3?. However, the increased spectral weight observed
around the quasi-elastic region ([-10, 30] meV) cannot be easily explained by a temperature
increase and is the first hint of a non-equilibrium effect. This is emphasized in Fig. 2d by the
intensity difference A5, (where T = 300 K, and AT} - ATy = 15 K) obtained subtracting
the spectrum at ATy to the one at ATj.

To focus on this aspect, we performed similar non-equilibrium investigations at 7' =
80 K, where the SSE of YIG is maximised'®4°. Figures 3a-d display the RIXS spectra
under different temperature gradients: AT, = 8.3 K, ATz = 15.5 K, and AT, = 24.8 K. We
also compare results for scattering geometries corresponding to qgo = [0.2, 0.2, 0.2] r.l.u.
and q_g2 = —qo2 = [-0.2, -0.2, -0.2] r.l.u.. At qg2, the RIXS intensity around ~ 0 meV
increases with AT (see Fig. 3a), while it decreases at q_¢2 (see Fig. 3c). A zoomed-in view
on these spectral changes is presented in Figs. 3b and 3d, together with their differences
Al. Using the RIXS spectrum at AT, = 8.3 K as a reference, we calculated AIZ%%_ATQ, ie.
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ALLZAE (light-blue dots) and ALLSS® (green dots).

The intensity differences at qgo and q_g2 show well-defined peaks centered around ~
10 meV and a width corresponding to the instrumental energy resolution as emphasized by
the Gaussian fits, see Figs. 3c-d. This result points to a single spectral component that
changes under the effect of both AT and q. We ascribe this to the acoustic magnon branch
on the basis of its energy, and of its overall spectral enhancement at 80 K with respect to
300 K, see Fig. 3f.

The integrals Sg,, and Sq_,, of each AIGr 2" computed over the energy region [-
30, 40] meV, and plotted versus the temperature difference AT - AT;, summarize the main
results (see Fig. 3e). The dashed guidelines highlight that both Sy, , and Sy, , are linearly
proportional to AT - AT,, but with opposite trends i.e., Sq, , increases while Sq_,, decreases
with the thermal bias.

The linear dependence of the acoustic magnon peak intensity at 80 K on the applied
temperature difference agrees with the behavior of Vssg (see Fig. 2b) measured on the
same device, and cannot be explained by a global temperature increase (see Methods and
Extended Data Fig. 2) . Similarly, it is not possible to explain the sign-asymmetry between
the S,

a0 and Sq ,, using equilibrium arguments*. We chose the momenta qg2 and q_g.»

to be parallel or antiparallel to the direction of the magnon current density Jg, respectively.
The inversion of the sign of S at qigo correlates with the direction of the magnon spin
current. Moreover, the increase of a factor of ~ 3 in Al around the acoustic magnon region
at 80 K with respect to 300 K for a comparable temperature difference (16.5 K at 7' = 80 K
versus 15 K at T= 300 K, see Fig. 3f) agrees with the ratio of Vggg reported between the
two temperatures'®4243 Finally, we exclude the effect of magnon accumulation and magnon

depletion** at the edges of the sample as discussed in Extended Data Fig. 3.

MICROSCOPIC MODEL OF MAGNON SPIN CURRENT

The presented results support the involvement of the acoustic magnon into the magnon
spin current at 7' = 80 K and 300 K. To validate our interpretation, we introduce in this
section a microscopic picture of the magnon spin current in energy- and momentum-space,
and we show that the acoustic magnon RIXS intensity as a function of q and AT directly
probes the magnon distribution function f, and thereby the magnon spin current. Magnons

are Bosons, and at equilibrium obey the Planck distribution function,

1
Jolwa) = Gomom — 1 (2)

where kg is the Boltzmann constant, and fy(wg) = fo(w_q), see Fig. 4a.
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The temperature gradient VT forces the magnons to flow from the hot to the cold side,
generating a magnon current. Assuming that q is parallel to the temperature gradient,
the current corresponds to a shift of the entire magnon distribution along q such that
f(q) > f(—q), as in Fig. 4b. The solution of the Boltzmann equation describes the non-
equilibrium distribution function f(fw, q), which governs the diffusive transport of spin
and energy by magnons in magnetic insulators’!. For small deviations from fy(q), the non-
equilibrium distribution can be formulated using the linearized expression of the Boltzmann

equation®+*:

Tq hwq eth/(kBT)

fla) = fol@) = 717 (el tbaT) 7279 VT, (3)

where hwg is the acoustic magnon energy, 7, is the magnon-conserving scattering, or simply,
magnon relaxation time, vq = Jwq/0q is the magnon group velocity that changes sign with
q and depend on the dispersion relation, and V'T' is the temperature gradient.

The calculated magnon distributions at 80 K for AT = 0 K (solid line) and AT # 0 K
(dashed and dotted lines) are displayed in Fig. 4c, together with enlarged views close to the
experimental momenta g2 (see Methods). The increase of the magnon occupation at qg 2
(parallel to Jg) and decrease at q_g (antiparallel to Jg), as a function of AT, qualitatively
agrees with the experimental results reported in Figs. 3c-d. This finding confirms the RIXS
sensitivity to minute changes in the magnon distribution under non-equilibrium conditions,
and unambiguously assigns the acoustic magnon mode as the main current carrier*®. More-
over, observing a thermally induced change of the acoustic magnon numbers at qigo deep
in the Brillouin zone complements previously reported low-temperature studies limited to
q ~ 01647,

By quantitatively comparing our experimental results and calculations, we can extract
the momentum-dependent magnon relaxation time 74 through a single-parameter fit of the
data. The squares (diamonds) in Fig. 4d are the energy-integrated RIXS intensities Ay,
(Aq_,,) of Gaussian fits of the acoustic magnons at qgo (q_o.2) displayed as a function of
AT (see Extended Data Fig. 4). Here Aq is proportional to f(q) (see Extended Data Fig.
4 and Eq. 1), and 74 = 7_4. The difference between Aq values for different AT's refines the
values of the raw S, integrals. The solid lines in Fig. 4d report the best fit of the data based
on Eq. 3 using a magnon relaxation time of 7, = 58 £ 4 ns at |qio2|. The error bars are
given by the least squares method. This number is compared with estimates from previous
studies as summarized in the Extended Data Table 1. The extracted value 74 , ~58 ns
is shorter than the only other report of a direct measurement close to the Brillouin zone
center®” i.e. Tq, ~ 2 — 60 us, consistent with the evidence that the magnon scattering rate

37,48

increases with energy and momentum®’*°, see Methods for more details.
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PERSPECTIVE

The direct spectroscopic detection — energy and momentum resolved — of the magnon cur-
rent by RIXS should stimulate the theory and the tomography of material- and momentum-
dependent relaxation times in reciprocal space. Additionally, this method holds promise to
open many research avenues. RIXS could guide the optimization of magnonic devices by
film thickness?* and choice of materials. RIXS may help to understand the giant magnon
spin conductivity of ultrathin YIG films close to the two-dimensional limit*®, encouraging
the study of two-dimensional magnons in van der Waals mono- and multilayers. Another
promising playground for RIXS should be the excitations of multiferroic materials such as
electromagnons®. More generally, our RIXS experiments can be extended to other types of
exotic chargeless transport! ™, by unveiling the currents of the underlying carriers (magnons,

phonons, excitons, orbitons, polarons) and their decay processes.
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Figure 1. Structural, spectroscopic, and magnetic properties of YIG at 300 K. a,
YIG unit cell crystal structure. Tetrahedral, majority spin Fe sites are represented in light blue;
octahedral, minority spin Fe sites in light pink. b, Fe L3 s-edges XAS spectra I (black line) and
I~ (red line) measured respectively for C* and C~ beam polarization, in total fluorescence yield
(TFY) mode. A magnetic field H = 700 Oe is applied along the [110] direction, anti-parallel to
the incoming beam. The XMCD signal I~ — It is displayed in blue. The grey arrow identifies
the tetrahedral (majority) Fe site resonance (710 eV), used in all RIXS measurements. ¢, RIXS
spectrum (purple dots) measured at qgpo = [0.2, 0.2, 0.2] r.l.u. with an incident energy of 710 eV,
and C polarization. The purple solid line is the sum of the seven fitted Gaussians (color-shaded
areas). The inset sketches the scattering geometry with incoming (k;) and scattered (kf) wave
vectors and momentum transfer q = k¢ — k;. d, Calculated magnon dispersion of YIG, following
Ref.3'. The horizontal shaded area highlights the momentum qgo = [0.2, 0.2, 0.2] r.l.u.. The
vertical shaded areas highlight the assignment of the peaks observed in the RIXS spectrum at
panel ¢, using the same color code: blue for acoustic and light-blue and green for optical magnons.

The width of the colored shades agrees with that of the Gaussians used to fit the RIXS spectrum.
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Figure 2. Spin Seebeck device, SSE voltage and RIXS spectra at 300 K. a, Schematic of
the SSE device used in the RIXS experiment and based on a YIG single crystal (credit to Tiffany
Bowman, Brookhaven National Laboratory). The cold source sets the global temperature T, while
the heater provides the temperature gradient VT along the [111] direction. A thermocouple mon-
itors the temperature difference AT across the sample. The corresponding temperature gradients
VT = AT/L follow from the sample length L = 1.3 mm. The ISHE in Pt thin film generates a
transverse spin Seebeck voltage Vssg. A magnetic field H = 700 Oe saturates the magnetization
along the [110] direction. The central red arrows represent the spin waves carrying a magnon spin
current. The RIXS scattering plane (green color) is defined by the incoming beam k; (orange
beam), and the outgoing beam k¢ (blue beam) at qg.2 = k¢ — k;. The RIXS measurements were
performed at the cold end of the temperature gradient. b, Vgsg measured as a function of AT,
at 300 K. A picture of the device is included as an inset. ¢, RIXS spectra at momentum transfer
qo2 = [0.2, 0.2,0.2] r.l.u. at equilibrium ATy = 0 K (purple dots) and non-equilibrium AT} = 15
K (red dots). d, Enlarged view of the dashed-area in Fig. 2c, including the intensity difference
AI?}SOKK (dots). The solid line is a 3-point smoothing of A-731050KK, and the enclosed area is filled in

light red.
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Figure 3. Non-equilibrium RIXS measurement at 80 K. a, ¢ RIXS spectra recorded for
momentum qp2 = [0.2, 0.2, 0.2] r.l.u., and q_g2 = [-0.2, -0.2, -0.2] r.L.u., at "= 80 K and at three
temperature differences ATy, ATs, and ATy. Our device set-up (see Methods), does not allow

measuring spectra for AT = 0 K at T = 80 K. b, d Enlarged views of the dashed-area in Fig.

I7.2 K

3a and Fig. 3c, respectively. The dots in the lower panels are the intensity differences Ay

(AILS3K) at temperature difference ATs -ATy = 7.2 K (ATy -AT, = 16.5 K). These data are
fit by a single Gaussian (solid lines) with a width determined by the experimental resolution. e,
S, integral of the spectral differences AIgOQKK and Algg";’{K at 80 K in the window [-30, 40] meV
versus AT — ATy, for qg2 (circles) and q_g2 (triangles). The dashed trend line are a linear guide

for the eye. f, Comparison of AILS3 X (green dots) and AILB. (pink dots) at qo..
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Figure 4. Magnon distributions function. a, Real-space sketch of the magnon gas at
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a constant relaxation time of 58 ns. d, Fit of the RIXS magnon intensity Aq,, and Aq_,, as a
function of AT by the solution of the linearized Boltzmann equation. The error bars indicate the

experimental standard deviations.
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METHODS
Crystal details

Yttrium Iron Garnet is a ferrimagnetic insulator with T ~ 560 K with a large, cubic unit
cell (a = 12.3755 A) of 40 Fe atoms®°1%2. The reciprocal lattice unit for YIG corresponds to
Ir.lu. =2v37/1.24 nm~!. The magnetic Fe?* ions ([Ar]3d°) are in the high-spin electronic
configuration S = 5/2 and occupy the octrahedral (a) and tetrahedral (d) sites in the oxygen
scaffold with a ratio of 2 : 3. The spins of the Fe local moments of majority d-sites and
minority a-sites are antiparallel with a net magnetization along the [111] easy axis below
Tc.

Our sample is a single crystal slab with [110] surface normal and [111] axis in the film

and scattering plane purchased from MTI Corporation.

X-ray Absorption Spectroscopy

The Fe Ljs-edge x-ray absorption spectroscopy (XAS) in the XMCD mode is highly
sensitive to the spin orientation and chemical environment®®. Figure 1b shows the room
temperature XAS I* (black line) and I~ (red line), respectively measured with positive
(C'*) and negative (C™) circular light polarization. The XMCD signal (I~ — I") (blue line)
agrees with previous measurements®. The negative XMCD response at ~ 710 eV comes
from the majority tetrahedral d-sites and corresponds to the transition from filled Fe 2ps/,
core levels to unoccupied Fe 3d. levels, split by the crystal field from the 3d;, ones. We
used this resonant energy for the RIXS measurements, since it maximizes the sensitivity of

the RIXS spectrum to magnetic effects®.

Fitting the RIXS spectrum at 300K

We fitted the room-temperature RIXS spectrum of YIG at qoo = [0.2, 0.2, 0.2] r.l.u.
by the energy position and amplitude of 7 Gaussians. Only the widths of the acoustic
magnon modes (red and blue areas) and the elastic peak (gold area) are fixed at w (see Fig.
1c), reflecting the instrumental energy resolution, whereas the linewidths of the optical and
multi-magnon modes are adjusted to the data. The resulting widths are illustrated by the
shaded areas overlaying the acoustic (blue) and optical (light-blue and green) magnon bands
in Fig. 1d.
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Device fabrication

The device in this RIXS study is a YIG single crystal, contained between a cold source
— cryostat extension that stabilizes the temperature 7" — and a hot source — heater, at a
temperature 7'+ AT activated by the charge current Ipc (see Fig. 2a). We cut the YIG
single crystal into a quasi-cuboid with size 1.3 x 1.38 X 2.46 mm with a diamond wire saw.
The (111) and (110) sample faces were polished with MultiPrep System down to a surface
roughness of 50 nm: the (111) face was covered with 15 nm of Pt thin film deposited using a
E-beam evaporator for the SSE voltage measurement, while the (110) face was used for the
RIXS measurement. A magnetic field of 700 Oe was applied along the [110] direction. A
thin film resistor heater (purchased from KOA Speer Company) was glued on the YIG single
crystal with a sapphire spacer that ensured electrical isolation and good thermal contact. A
type-E chromel/constantan thermocouple from LakeShore Cryotronics between the heater
and the cold source monitored AT. Due to the configuration of the SSE device, we could
not achieve the equilibrium state (AT = 0 K) at 7" = 80 K as the hot-end of the crystal was

not in thermal contact with the cryostat.

Electrical measurements

The SSE voltage Vssg was measured with a Keithely 2182A nanovoltmeter. The heater
was activated by a charge current Ipc (< 50 mA) sourced by a Keithely 2636B in the
current source mode for channel A, while the temperature gradient was extracted from the
thermocouple voltage differential measured by the Keithely 2636B in the voltage measure
mode for channel B. The voltage was then converted to temperature difference with the
known Seebeck coefficient of the type-E thermocouple. The extracted AT scaled like Ipc?
and the Vssg was linear with AT (see Fig. 2b). During the RIXS experiment, both AT
and Vggg were constantly monitored to ensure proper and continuous operation of the SSE

device over several hours.

XAS and RIXS measurements

XAS was measured at the SIX 2-ID beamline of National Synchrotron Light Source II
(NSLS-II) with a resolution of ~50 meV, in TFY mode using a photo-diode. Positive and
negative circularly polarized light of the incoming beam was used to acquire the XMCD
signal, at the presence of 700 Oe magnetic field, at 300 K.

The RIXS measurements were performed at SIX 2-ID beamline of the NSLS-II using
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the high-resolution Centurion RIXS spectrometer®. The scattering plane was [110] x [111]
in reciprocal space. The resonant energy was tuned to Fe-Ls edge with energy resolution
around 25 meV, defined as the full-width at half-maximum of the non-resonant diffuse
scattering from the silver paint. RIXS data were collected at scattering angle 150° with
momentum transfer |Q| = 0.695 A-!. The incident angle was set to 6, = 90° and 6, =
60°, respectively enabling a momentum transfer of qpo = [0.2, 0.2, 0.2] r.L.u. and q_g2 =
[-0.2, -0.2, -0.2] r.l.u. along the [111] direction. The RIXS incident photon energy was set
to the 2p3/, — 3d. resonance of the majority Fe d-sites with C'* polarized light, to enhance
their magnetic response®’. The elastic peaks were aligned after Gaussian fitting and all the

intensities were normalized by the total spectral weight.

Parameters for magnon distribution

Figure 4c shows Eq. 3 calculated for T" = 80 K, where the temperature gradient VT
is obtained considering the measured AT values and the sample width along the [111]
direction. We considered the single acoustic magnon mode of YIG (£ < 30 meV) with
parabolic dispersion E(q) = Dgq? where D = 7.42 x 107*°Jm? is the spin wave stiffness,
since non-parabolicities are weak and the optical modes are hardly occupied at T' < 300 K.

As a starting value, we set 7, = 58 ns in Fig. 4c.

RIXS experimental geometry

RIXS probes the energy hw and the momentum hk of elementary excitations, i.e.
magnons in this study, by scattering photons with k = ky — k; and w = w; — wy, where
hk; (hk¢) and hw; (hwg) are the momentum and energy of the incoming (outgoing) pho-
tons, respectively. We collected RIXS spectra for two different scattering geometries:
Oin = 90°/20 = 150° (see Extended Data Fig. 1a) and 65, = 60°/20 = 150° (see Extended
Data Fig. 1b), with the scattering plane defined by [H,H,H] x [H,H,0]. Due to YIG’s large
unit cell (¢ = b = ¢ = 12.3755 A) soft x-rays reach deeply into the Brillouin zone. With
Q = 2k;sin(20/2) and scattering angle 20 = 150°, the momentum transfer |Q;| = |Qz| =
0.695 A= is close to the (110) Bragg peak at |G1o| = 0.718 A~'. For this reason, we can
formulate the momentum transfer Q; = Gijp +q = q and Qy = Gy + (—q) = —q. In
the two scattering geometries, the angle between the momentum transfer Q; (Qz) and Gy
is 15°, so q is nearly parallel to the [111] direction. The inelastic momentum transfer used
in the main text is +q as measured from the Bragg peak Gii, in the direction parallel to
the [111] axis, as shown by the green arrows in Extended Data Fig. 1. For 6, = 90°(60°)
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therefore q = qp2 = [0.2,0.2,0.2] (—q = q_02 = [-0.2,-0.2,-0.2]) r.L.u.

Temperature dependence of RIXS spectra

19,39

Temperature affects the elementary excitation spectra in various ways. For example,

38,5558 Gince

increasing sample temperature suppresses the photon scattering by magnons
we heat the sample on one side and cool it on the other, we must assess the effect of the
average temperature increase (7},,). To this end, we measured RIXS on a reference sample
directly attached to the cold finger of the cryostat at two different temperatures but without
temperature gradients. We measured RIXS at 7" = 80 K (same temperature selected for
the spin Seebeck device) and 7' = 107 K: the temperature difference of 27 K is close to
the largest temperature bias over the device, AT, = 24.8 K at 80 K. Both were cut from
the same piece of single crystal, with similar shape and orientation, and RIXS scattering
geometry was the same, see Fig. 1c in the main text or Extended Data Fig. la.

Extended Data Fig. 2a displays the low-energy portion of the RIXS spectrum at 80
K (107 K) in the light blue (dark blue) scattered line, while their difference is shown in
Extended Data Fig. 2b. The measured RIXS intensities do not depend significantly on the

temperature differences AT < 27 K. An increase in the average temperature can therefore

not cause the RIXS results reported in Fig. 3 of the main text.

Spin current at different positions

The spin Seebeck effect generates a magnon accumulation (depletion) at the cold (hot)

44,5960 on the scale of the magnon relaxation length A7 The deviation of the

interface
local magnon density from the equilibrium state p is an accumulation for p > 0 and a
depletion for p < 0. It is governed by the one-dimensional diffusion equation
2
oot ()
Under a uniform constant temperature gradient VT along x

p(xz) = Ae™®/* 4+ Be®/* where A and B are constants that depend on the boundary condi-

44,64-66 jtg general solution reads

tions.

In Extended Data Fig. 3a we sketch of our YIG-based device with a total length L = 1300
pm. Extended Data Fig. 3b shows the magnon accumulation/depletion p(x) calculated for
our device for magnon relaxation lengths A = 2 pym (red solid line) and A = 10 pm (black

solid line). Since L > A, we find that p(x) = 0 in most of the bulk in which the spin current

is generated solely by the temperature gradient. In the following, we argue that a magnon
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diffusion current is indeed the same over the entire sample except perhaps very close to the
edges.

All RIXS measurements in the main text were collected 160 pm away from the cold edge
of the sample, the so called “cold point” in Extended Data Fig. 3a. Given that this distance
exceeds the magnon relaxation length in YIG!7:61°63 (usually A < 10um), it is reasonable to
assume that the variation observed in the RIXS intensity versus AT is independent from
the magnon accumulation effect. We confirm this expectation by measuring RIXS at a “hot
point” on the sample (160 pm from the hot interface) under the same conditions as before
(Extended Data Fig. 3a).

In Extended Data Fig. 3c (e), the dark and light blue dots represent spectra collected
for temperature differences AT, and ATy close to the hot point (cold point). The intensity
difference at the hot point (cold point) between spectra at ATy and ATy, as seen in Extended
Data Fig. 3d (f), is a resolution-limited Gaussian peak (solid line) indicating the absence
of a spin current driven by a magnon accumulation/depletion rather than a temperature

gradient.

Magnon distributions function

We extract the momentum g-resolved magnon relaxation time 74 from the experimental
spectra via the magnon distribution function f(q) under an applied temperature gradient,
calculated by the linearized Boltzmann equation for magnons. When |f — fy| < 1, where

fo(q) is the thermal equilibrium distribution,**

9 1 VT,
H@) = fol@) & Tagz- <ehwq/<kBTp> = 1) Va- (V“m + hwa— ) : (5)

p

Here hwq is the magnon dispersion, 7 is the relaxation time, v4 = 0wq/0dq is the magnon
group velocity, V is a spatial gradient, pu,, is the magnon chemical potential, 7}, is the
magnon temperature and 7}, is the phonon temperature.

We compare the model with RIXS measurements on a spot separated ~160 pm from the
cold end of the sample at which any magnon accumulation u,,, = 0, see Extended Data Fig.
3. Since at high temperature the magnon and phonon scattering is strong, they are at local
equilibrium with T,,, = T}, = T'. Equation 5 then simplifies to:

Tq hwq eth/(kB T)

Ha) = fola) = 707 (ol 1 VT, (6)

While magnon dispersion in YIG is complex (see Fig. 1d in the main text), only the

magnons up to THz are mobile and contribute to transport, viz. those in the lowest acoustic
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branch with parabolic and isotropic dispersion:
e(q) = hw(q) = o + Dg? (7)

where €9 = gupB, is the energy gap due to an applied field with B, = 700 Oe, g = 2.002
represents the electron g-factor and pp = 9.274 x 102* J T~! is the Bohr magneton. We
adopt the spin wave stiffness D = 7.42 x 107%°Jm? %7 and ¢ = |q|. This is valid when the
ferromagnetic dispersion is parabolic, and Eq. 7 is a reasonable assumption for small q

values. Using Eq. 7, we can formulate the group velocity as:

LM g 224 cost 8
Ox oq h 0q 0Oxq x h ox h Ox’ ®)
Equation (2) in the main text with ‘+’ (*-") for q parallel (antiparallel) to the temperature

gradient then reads

2Dq,7, (€0 + Dg?)  eo+P)/(ksT) g7

fla) — folq) = 7 kpT?2 (6(50+Dq2)/(kBT) - 1)2% 9)

Fitting of the RIXS data

We fitted the RIXS spectra at 7" = 80 K in the non-equilibrium state with five Gaussian
peaks (elastic, acoustic magnon, two optical magnon branches, multimagnon), similar to
the procedure in the main text at 7' = 300 K (see Fig. 1 c), but without the anti-Stokes
contribution. The lower temperature 7' = 80 K freezes out the magnons and suppresses the
anti-Stokes channel. We fix the width of the elastic peak to the experimental resolution,
AFE = 25 meV and assume that its amplitude does not depend on the temperature gradient
as established by Extended Data Fig. 2. We allow all other parameters to vary freely.

Extended Data Fig. 4a shows RIXS spectra measured at qgo and three temperature
differences (AT,, ATs, and AT}). The triangles represent the experimental data, the solid
lines depict the fit, and the shaded areas mark the individual contributions. Extended Data
Fig. 4b shows the results for q_g2. We conclude that the intensity ascribed to the acoustic
magnon branch increases with temperature difference for qg o, but decreases for q_go. We
attribute the difference in the elastic intensity between the two g-values to phenomena
unrelated to the magnon spin current, such as elastic scattering at surface roughness that is
enhanced by the larger projected beam at 60;, = 60° (q_g.2), relative to 0;, = 90° (qo2).

The integral of the Gaussian that fits the acoustic magnon branch intensity is A, plotted
as a function of temperature difference in the main text Fig. 4d. The RIXS scattering

intensity is proportional to the magnon distribution function, through a geometrical factor
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262868 We assume that the geometrical factor does not

and an absolute conversion factor
significantly change between the two configurations qgpoand q_go with scattering angles
6 = 60° and # = 90° (see Extended Data Fig. 1), respectively. Therefore Ay = Iyf(q),
where I is the RIXS cross section and f(q) is the non-equilibrium magnon distribution (

Eq. 9). We therefore model the A4 displayed in the main text Fig. 4d as

2Dqy7, (0 + Dq?)  ele0tD)/(ksT) g7
h kpT? (eleo+Da®)/(ksT) — 1>2 oz

A, = I + fo(a) (10)

Here ¢ = |q+o2|, ¢z = £¢, T = 80 K, and 9T'/0x = AT;/L with AT; (i = 1,2,3) being the
temperature differences used in the experiment and the sample length L = 1.3 mm. I, and
7, are the free parameters, while all others are as defined above. Using Eq. 10 to fit the
A, values plotted as scatters for both qg2 and q_g2 in Fig. 4d of the main text, we obtain
the solid lines as the best least-squares linear fitting result (again, refer to Fig. 4d). This
solution returns a magnon relaxation time 7, = 58 & 4 ns in YIG. To put this value into
context, we attach a table summarizing the magnon relaxation times reported for YIG close
to the Brillouin zone center (see Extended Data Table 1). To the best of our knowledge,
only the relaxation time reported in the first row of Extended Data Table 1, 2-60 us, has
actually been experimentally measured.

The relaxation time of magnons as a function of momentum 74 in the entire Brillouin
zone is the big unknown that governs the thermal properties of magnetic insulators. To
date, it cannot be computed accurately or measured by other techniques. Knowing 74 al-
lows us to compute essential quantities such as the momentum-specific magnon thermal
conductivity and the intrinsic spin Seebeck coefficient***” without free parameters. Here
we performed such calculations as a reference; however at present it is impossible to com-
pare these momentum-dependent quantities against experimentally extracted momentum-
integrated values, due to the limitations of existing models in capturing magnon scattering

at higher energies and the lack of experimental data on 74 as a function of g*44%°.

Magnon thermal transport at 80 K

The heat Ji and magnon spin Jg current densities can be defined by Eq. 11 and 12 using
the magnon distribution f(q) obtained from Eq. 955697  The energy and momentum

resolved heat Jy,(€) and magnon spin Jg,(€) current densities are defined as follows:

Ji(c) = / a0 ) (@) (e = ho(o) (11)
Jsa(e / g (@) F@)(e — () (12)
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The temperature gradient is along the x direction, and v,(q) is shown below:
v.(q) = vu(q)— - X = v, cosf (13)
In spherical coordinates:

/(2(17?)3 = (2;)3 /000 ¢*dg /027r de /lldcose (14)

Using the value of the magnon relaxation time 7, extracted from the RIXS experiment

at qoo (with an energy of ~ 10 meV) 7,= 58 ns, and the magnon distribution function

described by Eq. 9, we obtain:

21 2D Dq? (e0+Dg?)/(kpT) oT 1
Ji2(€gp) = d ﬁw(Q)Vq( a7y (0 + D) ‘ / cos? Odcosh

(27)2 2Dgq ho kpT?  (eleotDe)/(kpT) — 1)? O | ),
_ oTr AT
= 5.263 x 10% s7'm ™, at ¢ = |qoa|, = = —2
ox L

(15)

Jolen )= Ly (2Dqr e+ DgY)  eorPP/00T) T / " cos? fdcost
z\€q0.2 (27)2 2Dq 4 h kgT? (@(€0+Dq2)/(kBT) — 1)2 Ox -1
T AT
= 3441 x 10 m™2, at ¢ = |qoa|, — = —2
ox L

(16)

From these values, we can calculate the momentum resolved magnon thermal conductivity
Kun(eq) = Jua(€q) /2L and the intrinsic spin Seebeck coefficient Sy, (€,) = 2eT Js,(e4)/(52h),
considering g—: = AT,/L = 6385 K/m (AT, = 8.3 K as in main text, sample length L = 1.3
mm). Therefore, the momentum resolved thermal conductivity K, (eg,) = Jiz(€g5)/ % =
8.244 x 10** s™'m~'K~! and spin Seebeck coefficient S, (€g,) = 26T Jsu(q,)/ (2L R) =
1.311 x 10%* Am~!'J~! at T = 80 K. We want to emphasize that the presented values are
calculated based on a single spherical energy surface corresponding to €q,,, noting that
energy and momentum resolved quantities cannot be directly compared with the integrated
observables without additional model assumptions**#6:67. Ideally, by measuring the magnon
spin current as a function of momentum across the entire Brillouin zone, we could obtain
estimates for the thermal conductivity K, and intrinsic spin Seebeck coefficient S,,. While
the RIXS relaxation time at qgo agrees with published numbers for ¢ ~ 0, it does not reflect
the fast decay of spin waves as a function of energy as inferred from magnon transport

46,67,71,72

studies . This unsolved issue requires more research, particularly in experimentally

extracting the momentum dependence of the magnon relaxation time.
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Magnon relaxation times
2-60 pus*0
50 pst7
100 ns%4:65
5 ns-50 ns*27!

0.1 ps®3

Extended Data Table I. Reported magnon relaxation times at the Brillouin zone center.
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Extended Data Figure 1. Top view of the RIXS scattering geometry. a, Experimental
set-up for momentum transfer qo2 = [0.2, 0.2, 0.2 r.L.u.. The circularly polarized x-rays k; impinge
the sample at an angle 6;, = 90°. The scattering angle 20 between incoming beam k; and outgoing
beam kg is fixed at 150°. b, As a but for momentum transfer q_¢2 = [-0.2, -0.2, -0.2] r.l.u., with
fin = 60° and 20 = 150°.
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Extended Data Figure 4. Gaussian fitting of the RIXS spectra in the non-equilibrium
state. The data were all acquired at T' = 80 K and versus AT (AT, ATs, and ATy), at gqg.2= [0.2,
0.2,0.2] r.lu. a,and at q_g2 = [-0.2,-0.2, -0.2] r.L.u. b. The triangles refer to the experimental data
points and the solid lines are the fit by the model in Fig. 1c. The (gold, blue, light-blue)-shaded

areas are the extracted (elastic, acoustic magnon, optical magnon) contributions, respectively.
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