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Nonequilibrium phenomena are ubiquitous in nature and in a wide range of systems, including cold
atomic gases and solid-state materials. While these phenomena are challenging to describe both
theoretically and experimentally, they are essential for the fundamental understanding of many-body
systems and practical devices. In the context of spintronics, when a magnetic insulator (MI) is subjected
to a thermal gradient, a pure spin current is generated in the form of magnons without the presence and
dissipation of a charge current—attractive for reducing energy consumption and central to the emerging
field of spin caloritronics. However, the experimental methods for directly quantifying a spin current in
insulators and for probing local phonon-magnon nonequilibrium and the associated magnon chemical
potential are largely missing. Here, we apply a heating laser to generate a thermal gradient in the MI
yttrium iron garnet (YIG), Y3Fe5O12, and evaluate two components of the spin current, driven by
temperature and chemical potential gradients, respectively. The experimental method and theory
approach for evaluating quasiparticle chemical potential can be applied for analogous phenomena in
other many-body systems.

DOI: 10.1103/PhysRevX.10.021029 Subject Areas: Condensed Matter Physics, Magnetism,
Spintronics

I. INTRODUCTION

Magnetic insulators (MIs) provide a unique model
system for exploring nonequilibrium phenomena and
developing spintronic applications [1–3]. What is appealing
to both fields is the fact that properties of MIs are
determined by only two subsystems, i.e., two types of
collective excitations: phonons and magnons, leading to
longer energy and spin relaxation times or lengths than
those in metallic systems. In particular, thermally driven
nonequilibria and the interplay between these phonons and
magnons result in a broad range of newly discovered spin
caloritronic phenomena, such as the spin Seebeck effect
[4–6]. Understanding these phenomena requires simulta-
neous descriptions of nonequilibrium energy (heat) and

spin transport [7–12]. Theoretical and experimental
advances are both necessary to address the outstanding
challenges in this emerging frontier of spintronics and
nonequilibrium systems, in general.
In this paper, we measure thermally generated spin

current in YIG and quantitatively evaluate its two compo-
nents driven by temperature and magnon chemical potential
gradients. More specifically, a heating laser is used to
introduce a large temperature gradient [9]. Along this
gradient, micro Brillouin light scattering (BLS) was used
to measure the local lattice temperature and nonequilibrium
magnon density, from which the spatially varying magnon
chemical potential is explicitly determined. Based on the
magnon temperature and chemical potential profiles, we
quantify two components of the spin current and calculate
the magnon nonequilibrium spectral density. This new
method for measuring spin current in MIs without any
interfacial effects, as well as quantitative evaluation of the
magnon chemical potential and nonequilibrium magnon
distribution, will stimulate further development of spin
caloritronic theories and devices.
We first describe the basic concepts involved in under-

standing magnon transport in a nonequilibrium system.
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The energy exchange between magnons and phonons is
described by the local phonon and magnon temperatures.
Following the magnon-phonon energy relaxation length lϵ,
phonon and magnon temperatures equilibrate, as illustrated

in Fig. 1(a). This length has been initially predicted to be on
the order of about 1 nm [10] and found experimentally to be
about 250 nm for YIG [12,13]. Spin transport in the MI is
characterized by the magnon spin relaxation length lm,
illustrated in Fig. 1(b), describing the length scale of
angular momentum (spin) relaxation. Previous measure-
ments of YIG have found lm in the range of 3–10 μm
[8,9,11], much larger than lϵ.
On length scales shorter than lm but longer than lϵ, the

magnon number is approximately conserved and the
magnon population can be driven to a value different from
that solely determined by the magnon temperature. The
difference in the magnon population is described by
introducing another parameter, specifically, a magnon
chemical potential μm [10–12,14]. Gradients in both
magnon temperature and chemical potential result in a
magnon spin current [Fig. 1(c)], carried by magnons with
an energy distribution characterized by the nonequilibrium
spectral density. Spin currents in MIs characterized by
transport measurements have several limitations. First, spin
current in insulators is not directly measured. Instead, the
inverse spin Hall effect in an adjacent heavy metal layer is
used to measure and estimate the spin current in the MI and
is thus subject to properties of the metal layer and to
sample-preparation-dependent interfacial effects. Second,
such measurements cannot distinguish between spin cur-
rents driven by different mechanisms due to the difficulty of
evaluating the magnon chemical potential. While the
magnon chemical potential has been experimentally evalu-
ated in the context of microwave pumping, magnetic
aftereffect, and spin current injection [15–18], a thermal
gradient driven, spatially dependent, magnon chemical
potential most relevant to spin caloritronic applications
has yet to appear in the literature. We report such a
measurement here.

II. EXPERIMENT

The experimental setup is illustrated in Fig. 2(a). A 671-nm
heating laser, with a spot size of 2.3 μm in diameter
and power of 22.7 mW, was used to generate a thermal
gradient of about 104 K=mm in a bulk YIG single crystal
(Sec. III A). BLS spectra of phonons and magnons were
collected in a backscattering geometry using a 532-nm
probe laser, with a spot size of 0.8 μm in diameter and a
power of 8 mW. Spectra collected at different probe
positions relative to the heated spot exhibit a systematic
change due to the corresponding changes in the effective
local temperature andmagnon density [9,19,20]. Examples
of the phonon [Fig. 2(b)] and magnon [Fig. 2(c)] spectra
were taken at two positions—near the center and the edge of
the heated spot.Central frequencieswere extracted from the
fits to squared Lorentzian functions shown as the solid
curves in Figs. 2(b) and 2(c). The wave vectors of the
phonon and magnon modes are the same and are both
determined by the geometry, refractive index, and incident

(a)

(b)

(c)

FIG. 1. Diagram of magnons in thermal nonequilibrium for a
magnetic insulator under a temperature gradient ∇T. There are
two relevant relaxation lengths: (a) The energy relaxation length
lϵ; describes the length scale required for the magnon and phonon
temperatures, Tm and Tp, respectively, to equilibrate. (b) A
magnon chemical potential μm parameterizes the nonequilbrium
magnon density such that μm approaches the equilibrium value 0
over the magnon diffusion length lm. (c) The magnon spin current
jm is comprised of two components, j∇T

m and j∇μ
m , which,

respectively, result from the gradients of the magnon temperature
and chemical potential. For temperature and chemical potential
gradients with opposite signs, as in panels (a) and (b), the
corresponding spin currents have the opposite signs as well.
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wave vector (Sec. III B). Here, the phonon or magnonwave
vector is 5.53 × 107 m−1, corresponding to awavelength of
114 nm. The measurements are most sensitive to those
magnons and phonons propagating along the direction
of the probe laser wave vector. We note the measured
BLS spectra represent the spectra averaged over the
intensity profile of the probing laser (see Supplemental
Material [21]).

III. MATERIALS AND METHODS

A. YIG sample

The YIG single crystal was grown via the traveling-
solvent floating-zone method by using an infrared-heated
image furnace [22]. The sample measured was approx-
imately 4 mm × 2 mm × 0.4 mm, with the [110] crystal
axis oriented normal to the surface. An external magnetic
field of 78 mT was applied along the sample plane,
perpendicular to the [110] axis, to saturate the magnetiza-
tion of the sample [23].

B. Phonon and magnon BLS spectra

A Sandercock-type multipass tandem Fabry-Perot inter-
ferometer was used to collect both the magnon and acoustic
phonon spectra. A mirror spacing of 6.00� 0.05 mm,
corresponding to a free spectral range (FSR) of 25.0�
0.2 GHz for the first Fabry-Perot cavity, was used for all
spectra collection. In collecting the magnon spectra, data
were collected over 22%–35% of the FSR, using 600
channels per FSR on the multichannel analyzer (MCA).
Phonon spectra were collected over 244.5%–265.0% of the
FSR, with 200 channels per FSR on the MCA. The time
needed to sweep over the frequency range of one spectrum
is determined by the highest frequency in the region of
intereste and the channels per FSR. In order to have the
interferometer stay in alignment for the phonon spectra, the

channels per FSR had to be reduced as the spectra were
being swept over a larger frequency range. We also
followed a particular measurement sequence to monitor
a systematic shift in frequency due to thermal drift over
time. We took phonon and magnon spectra under a
particular heating condition and immediately took another
set of data with the heating laser off.
The momentum transfer of the light in backscattering

geometry determines the wave vector q of the probed
phonons and magnons, such that q ¼ 2nk0 [9]. For normal
incidence and a probe wavelength 532 nm, the incident
light wave vector is k0¼ 2π=λ¼ 1×107 m−1, and the YIG
refractive index is n ¼ 2.34, which together yield
q ¼ 5.53 × 107 m−1. However, as the objective lens used
to focus the light has a high numerical aperture (NA ¼ 0.7),
the incident light is not confined to a single wave vector.
Thus, the measured BLS spectra are centered around
q ¼ 5.53 × 107 m−1, with a 0.25 × 107 m−1 wave-vector
spread contributing to the broadening of the linewidth.
The acoustic phonon frequency is given by

ωpðkÞ ¼ vk; ð1Þ
where v is the group velocity of the probed phonon. In YIG,
this velocity is 7.3 × 103 ms−1 for longitudinal phonons
along the [110] direction. This result predicts a phonon
frequency of 63.4 GHz, in agreement with the central
frequency observed in the BLS phonon spectra [Fig. 2(b)].
The frequency of the magnon is given by the following
dispersion relation [24]:

ωk ¼ γ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðBeff þDk2Þ

×ðBeff þDk2 þ μ0MsðTÞsin2ψÞ

s
; ð2Þ

where γ is the gyromagnetic ratio of 2π × 2.80 MHzG−1,
Beff is the effective magnetic field, D is the exchange
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FIG. 2. Experimental setup and BLS spectra. (a) A 671-nm laser was applied to a bulk YIG single crystal in order to generate a large
thermal gradient over a micron length scale. The BLS spectra were collected as the 532-nm probe laser was scanned across the thermal
gradient. The measured magnons and phonons propogate along the direction of the incident wave vector of the probing laser. Example
spectra for acoustic phonons (b) and magnons (c) at the edge (position 1) and center (position 2) of the temperature gradient. Squared
Lorentzian fits (curves) allow for the extraction of the central phonon and magnon frequencies (vertical, dotted lines) along the scan
path. In panel (c), the counts for position 2 have been multiplied by 2 for better comparison to position 1.
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stiffness constant of 5.4 × 10−17 Tm2, μ0 is the permeabil-
ity of free space, MsðTÞ is the temperature-dependent
saturation magnetization (see Supplemental Material
[21]), and ψ is the angle between k and the magnetization
direction [9,20]. The effective field includes the external
magnetic field of 78 mT, the anisotropy field of 1 mT, and
the demagnetization field μ0NMsðTÞ, where the calculated
demagnetization factor is N ¼ 0.08 [9]. These parameters
yield a predicted magnon frequency of 7.6 GHz, in
agreement with the BLS magnon spectra [Fig. 2(c)].

C. Equilibrium frequency-to-temperature calibration

The phonon and magnon thermometry methods based on
BLS spectra are essential to the analysis [9,19,20].
Calibrations are performed by uniformly heating the
sample and monitoring the BLS spectra as a function of
temperature, such that changes in the spectra result from
the changing equilibrium lattice temperature. This pro-
cedure yields two temperature-dependent frequency func-
tions, fpðTÞ and fmðTÞ, for the phonons and magnons,
respectively.
From fpðTÞ, the inverse function TðfpÞ is calculated and

used for measuring the increase of phonon temperature,
ΔTp, from the phonon frequency deviations Δfp,
ΔTp ¼ TðΔfpÞ. The function fmðTÞ gives the frequency
for magnons at temperature T. Thus, using this magnon
calibration function with the simulated increase of magnon

temperature, ΔTm, we obtain the expected equilibrium
magnon frequency change, Δfcalm ¼ ΔfmðΔTmÞ. See
Supplemental Material [21] for more details on the cali-
bration and heating effects from the probe laser.

IV. RESULTS AND DISCUSSION

A. Quantifying magnon nonequilibrium

At local equilibrium, the magnon and phonon temper-
atures are equal, and the magnon chemical potential is
zero. Evaluating the magnon nonequilibrium begins
with determining the phonon temperature. The spatially
dependent phonon frequencies extracted from the BLS
spectra are converted to the effective local phonon temper-
atures following a calibration procedure. The increase
of phonon temperature due to the heating laser ΔTp
can be extracted from the phonon frequency devia-
tion Δfp ¼ fonp − foffp , which is the difference in phonon
frequencies measured for the on and off heating laser
conditions. This difference in frequencies removes the
effect due to heating from the probe laser, which is present
for all measurements. Figure 3(a) shows Δfpmeasured
across the laser-heated region, with the associated local
increase of phonon temperature shown in Fig. 3(b). As
expected, the increase in phonon temperature is the highest
at the center of the heating laser and decreases with the
distances further from the center. The empirical fitting
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FIG. 3. Spatially resolved phonon temperature and nonequilibrium magnon density. (a) The phonon frequency deviation as a function
of the probe laser position, where 0 corresponds to the center of the heating laser. (b) The phonon frequency deviation is converted into
an increase of phonon temperature using the frequency-to-temperature calibration (Sec. III C). (c) The observed magnon frequency
deviation shown in green circles. Using the temperature-to-magnon-frequency calibration, the calculated magnon deviation (orange line)
is based on the simulated magnon temperature profile. (d) The nonequilibrium magnon density δnm is proportional to the difference
between the calculated and observed magnon frequency deviations.
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function for the phonon temperature profile was approxi-
mated as the solution to a simplified heat-transport equation
in a 2D axially symmetric geometry (see Supplemental
Material [21]).
In quantifying the magnon nonequilibrium, the observed

local magnon frequency deviation Δfobsm is compared to the
magnon frequency expected with no chemical potential,
i.e., the calculated magnon frequency Δfcalm . As with the
phonon frequency, the observed magnon frequency
deviation Δfobsm ¼ fonm − foffm measures the magnon fre-
quency change due to the heating laser. Using the magnon
temperature calibration function fmðTÞ (Sec. III C), the
equilibrium magnon frequency shift is calculated using
local magnon temperature: Δfcalm ¼ ΔfmðΔTmÞ. This
magnon temperature is found through the COMSOL
simulation of a magnon-phonon two-temperature model
using an energy relaxation length of lϵ ¼ 250 nm (see
Supplemental Material [21]). Figure 3(c) compares the
observed magnon frequency change (Δfobsm : green circles)
to the calculated change from local magnon temperature
(Δfcalm : red solid line). The clear difference between the
two frequencies shows that the magnons are in non-
equilibrium under local laser heating.
The magnitude of nonequilibrium magnon density is

determined by examining the difference in the observed
and equilibrium magnon frequencies: δfm ¼ Δfobsm −
Δfcalm . The systematic changes in the local magnon fre-
quency result from changes in the local magnetization δM,
which, in turn, are caused by changes in the magnon
number density, i.e., δfm ∝ δM ∝ δnm. Thus, δfm
measures the frequency deviation resulting from the non-
equilibrium magnon density δnm. The two quantities are
related by

δfm ≈
∂fm
∂M

����
H
δM ¼ −∂fm∂M

����
H
gμBδnm; ð3Þ

where H is the constant external field, g is the Lande
g-factor, and μB is the Bohr magneton. The value of
ð∂fm=∂MÞjH was obtained from the temperature calibra-
tions (see Supplemental Material [21]) and is used to
calculate δnm at each position, shown in Fig. 3(d). The
measured magnitude of the nonequilibrium magnon den-
sity is near 4 × 1020 cm−3 at the maximum. For context,
this density, a sum over all thermally excited magnon
modes, is about an order of magnitude larger than the
nonequilibrium density of a particular magnon mode
investigated in parametric pumping experiments [15,25].
This broad distribution of the measured magnon non-
equilibrium is further characterized by nonequilibrium
spectral density, to be discussed in detail later (Sec. IV D).

B. Magnon chemical potential

For magnons, and bosonlike quasiparticles in general, a
nonequilibrium chemical potential can only be appropriately

introduced when the quasiparticle number is approxi-
mately conserved. Such a quasiequilibrium can be achi-
eved when the quasiparticle interactions occur at a faster
rate than the quasiparticle lifetime [17,26]. This case allows
quasiparticles to redistribute themselves in momentum
space before they decay, leading to a distribution with
conserved quasiparticle number within the lifetime, i.e.,
a quasiequilibrium distribution.
In the case of magnons, spin-conserving magnon-

magnon interactions redistribute momentum and energy
within the magnon system and determines the magnon
momentum relaxation rate [10]. On a longer timescale,
spin-conserving magnon-phonon interactions relax the mag-
non energy with the lattice at the energy relaxation rate.
Finally, on an even longer timescale, spin nonconserving
magnon-magnon and magnon-phonon interactions relax the
spin, or magnon number, at the spin relaxation rate. For
timescales longer than the magnon momentum relaxation
and shorter than the magnon spin relaxation, chemical
potential is introduced to describe the magnon distribution.
In steady-state systems, as studied here, relaxation lengths

are more relevant. The relations of magnon relaxation times
hold similarly for the magnon momentum, energy, and spin
relaxation lengths. In YIG, the magnon energy and spin
relaxation lengths are about 250 nm [12,13] and 3–10 μm
[8,9,11], respectively. As the magnon momentum relaxation
length is shorter than the energy relaxation length, our
measurements are within the quasiequilibrium length scale.
Thus, a magnon chemical potential μm is introduced to the
magnon Bose-Einstein (BE) distribution function, and the
density of magnons is given by

nmðTm; μmÞ ¼
Z

dk
ð2πÞ3

1

exp
h
ðϵk−μmÞ
kBTm

i
− 1

; ð4Þ

where Tm is the magnon temperature and ϵk is the magnon
energy at wave vector k. For further explanation of the
magnon chemical potential and quasiequilibrium, see the
Supplemental Material [21].
The thermally generated magnon chemical potential can

be quantified from spatially resolved nonequilibrium mag-
non density measurements. The nonequilibrium magnon
density is equal to the difference between the total magnon
density nm and the equilibrium magnon density n0m,
respectively, determined from the BE distribution with
and without a chemical potential,

δnm ¼
Z

dk
ð2πÞ3

�
1

exp½ðϵk−μmÞkBTm
� − 1

− 1

exp½ ϵk
kBTp

� − 1

�
; ð5Þ

where Tp is the phonon temperature. The equilibrium
magnon density is calculated based on the local lattice
(phonon) temperature. Defining the phonon temperature as
Tp ¼ Tm þ δT, where δT is the small difference in magnon
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and phonon temperatures, and assuming the chemical
potential is small [15,16,18], the nonequilibrium magnon
density can be approximated as

δnm ¼ μm
kBTm

Z
dk

ð2πÞ3
exp½ ϵk

kBTm
�

ðexp½ ϵk
kBTm

� − 1Þ2

− δT
kBT2

m

Z
dk

ð2πÞ3
exp½ ϵk

kBTm
�ϵk

ðexp½ ϵk
kBTm

� − 1Þ2 : ð6Þ

The chemical potential is found to be linearly related to the
nonequilibrium magnon density with a temperature-depen-
dent integration coefficient and an offset that results from the
difference in magnon and phonon temperatures. This offset
vanishes outside the heating spot as Tm approaches Tp (see
Supplemental Material [21] for details). The values of the
chemical potential are shown in Fig. 4(a). For an empirical
fitting function, the same phonon temperature function is
used,with an effectiveGaussian radiusweff ¼ 1.35 μm.This

empirical fit of the chemical potential is used later in
determining the spin current. The peak value of the magnon
chemical potential is approximately−250 μeV.The negative
magnon chemical potential increases the effective magnon
energy, thus lowering the total magnon density. This result is
consistent with the observation of a reduced magnon
frequency deviation [9]. We note that the maximum value
of the chemical potential here only changes by less than 2%
when using Tm vs Tp in Eq. (6) (see Supplemental Material
[21]). This result indicates that the degree of magnon
nonequilibrium is not determined by the energy relaxation
length, which is itself dependent on the magnon-phonon
coupling strength. Instead, the degree of magnon nonequili-
brium is determined by the spin relaxation length.

C. Thermally driven spin current

With the chemical potential quantified, the temperature-
and chemical-potential-dependent components of the total
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FIG. 4. Magnon chemical potential, spin current, and nonequilibrium spectral density. (a) The magnon chemical potential determined
from the local nonequilibrium magnon density, simulated magnon temperature, and the difference between the measured phonon and
simulated magnon temperatures. (b) The temperature gradient driven magnon spin current (orange, dot-dashed curve) determined from
the simulated magnon temperature, the chemical potential gradient driven spin current (purple, dashed curve) determined from the fit in
(a), and the total magnon spin current (green, solid curve) obtained by adding these two spin currents. The inset shows the ratio of the
spin current driven by the chemical potential gradient to the total spin currents. The currents flow along the direction of their respective
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spin current are independently determined. A single mag-
non carries−ℏ spin; hence, the spin current jm generated by
the nonequilibrium magnons is given by

jm ¼ −ℏ
Z

dk
ð2πÞ3 vk½NkðTm; μmÞ − N0

kðTmÞ�; ð7Þ

where vk ¼ ð∂ωk=∂kÞ is the magnon group velocity,
and Nk and N0

k are the nonequilibrium and equilibrium
magnon occupation numbers, respectively. Employing the
Boltzmann transport equation and the relaxation time
approximation,

Nk − N0
k ¼ −τkvk ·∇Nk

¼ −τkvk ·
�∂N0

k

∂T ∇Tm þ ∂N0
k

∂μ ∇μm

�
; ð8Þ

the spin current can be separated into two components,

j∇Tm ¼
�
ℏ
Z

dkτkv2k
ð2πÞ3

exp½ ϵk
kBTm

�
ðexp½ ϵk

kBTm
� − 1Þ2

ϵk
kBT2

m

	
∇Tm; ð9Þ

j∇μm ¼
�
ℏ
Z

dkτkv2k
ð2πÞ3

exp½ ϵk
kBTm

�
ðexp½ ϵk

kBTm
� − 1Þ2

1

kBTm

	
∇μm; ð10Þ

where τk is the wave-vector-dependent magnon spin
relaxation time [14,27–29]. For the calculation of the spin
current, the YIG spin relaxation time is taken from
Refs. [14,27], where τk follows a second-order polynomial
in k and scales linearly with the zero-wave-vector magnon
spin relaxation time τ0 (see Supplemental Material [21]).
Two components of the spin current are then quantified
by integrating Eqs. (8) and (9) and using the gradients of
the fitted temperature and chemical potential profiles.
Figure 4(b) shows the spin currents driven by the temper-
ature and chemical potential gradient, as well as the total
spin current. These currents flow along the radial direction,
following the gradients produced by the laser heating.
Spin currents are typically measured via voltage in an

adjacent heavy-metal layer [30]. Spin currents measured
from the spin Seebeck effect are in the range of
10−9–10−8 Jm−2 at temperature gradients similar to the
one generated by our heating laser [27,31,32]. These valus
are estimated after making a number of assumptions,
including the spin Hall angle, the spin diffusion length
in the heavy metal, and interfacial effects. Here, the
conversion to spin current depends on the spin relaxation
rate τk according to Eqs. (8) and (9). The function for τk is
linearly proportional to the zero-wave-vector magnon spin
relaxation time τ0 (see Supplemental Material [21]).
A typical value of the Gilbert damping for YIG, α ¼
2 × 10−4 [8,31,33], yields a relaxation time value
τ0¼ 1.0×10−10 s, where τ0 ¼ ℏ=αkBT [10,34]. From this
τ0, we determine the maximummaganitude of the total spin

current, about 5 × 10−8 Jm−2, as seen in Fig. 4(b). Though
our method for evaluating the spin current in magnetic
insulators depends on τ0, which can vary by about 3 to 4
between samples, it is a large improvement over the
traditional measurements. Our method removes the ambi-
guity of interfacial spin-current transmission in a bilayer
consisting of a magnetic insulator and a heavy metal. It
provides valuable guidance for selecting and optimizing the
growth of magnetic insulators for high-efficiency gener-
ation of pure spin current.
Next, we examine the ratio between the chemical-

potential- and temperature-gradient-driven spin currents,
shown in the inset of Fig. 4(b). The ratio peaks as it
approaches the center, with a maximum of approximately
60%, and then decreases outward. This ratio is independent
of the zero-wave-vector magnon spin relaxation time τ0.
Thus, we conclude that the chemical potential associated
with the spin current significantly contributes to the total
magnon spin current.

D. Magnon nonequilibrium spectral density

Finally, the energy and wavelength range of magnons
that contribute to the spin current has long been debated
since the initial theories of the spin Seebeck effect
were developed [35,36]. Previous studies have sug-
gested that magnon nonequilibrium is energy depen-
dent, and low-energy magnons (3 meV and below),
dubbed subthermal magnons, dominantly contribute to
the spin Seebeck effect [37]. The energy dependence of
the nonequilibrium magnon density is determined by
examining the magnon spectral density nonequilibrium
deviation (SDND),

δρðkÞ ¼ k2=2π2

exp
h
ðϵk−μmÞ
kBTm

i
− 1

− k2=2π2

exp½ ϵk
kBTp

� − 1
: ð11Þ

The SDND [Fig. 4(c)] is calculated following Eq. (10).
This calculation includes the values of the chemical
potential from Fig. 4(a), the local magnon and phonon
temperatures, and the magnon dispersion ϵk ¼ ℏωk (see
Sec. III B). A maximum occurs for magnons of wave
vectors in the range ð0.4–2.0Þ × 108 m−1, corresponding
to energies 30–200 μeV and wavelengths of about 30–
150 nm. This energy range results from a combination of
the chemical potential energy and density of states. The
energy width of the SDND approximately equals the
magnitude of the chemical potential. While our study also
supports the qualitative conclusion that the highest magnon
nonequilibrium occurs in low-energy magnons, the ener-
gies shown here are 1 to 2 orders of magnitude lower than
the value quoted from previous studies [37]. The spectral
distribution of the nonequilibrium magnons shown in
Fig. 4(c) demonstrates that the magnon spin current is
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carried by the magnons within a rather narrow energy and
wave vector range. This result has implications for spin-
based devices that exploit a thermal gradient.

V. CONCLUSIONS

In summary, by exploring BLS as an experimental
method that directly probes the nonequilibrium magnon
density, we extract the spatially varying chemical potential
and quantitatively evaluate the spin current in a magnetic
insulator subject to a thermally driven nonequilibrium.
There are several valuable insights to be drawn from these
results. First, interfacial spin transmission effects, omni-
present in transport measurements, are completely removed
in this method. One can evaluate magnetic insulators on
their intrinsic spin-current generation capability. Second,
the analysis of the magnon spectral densities reveals how
exactly the nonequilibrium is distributed over magnons of
different energy and wavelength. Device parameters, such
as film thickness and antenna width, can be designed with
such information in mind to enhance the nonequilibrium
magnon density and spin currents. Third, our findings show
that assuming equal magnon and phonon temperatures or
using simulated magnon temperatures has had a limited
influence on the spin current. Accordingly, we suggest that
magnon spin relaxation, instead of magnon-phonon energy
relaxation strength, plays a more important role in spin-
current generation. Finally, our results demonstrate that the
concept of magnon chemical potential can successfully
describe a general nonequilibrium magnet, thus laying the
groundwork for a better understanding of broad nonequili-
brium phenomena.
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