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Thermal spin torques in magnetic insulators

H. Yu,1,2,* S. D. Brechet,2 P. Che,1,2 F. A. Vetro,2 M. Collet,3 S. Tu,1,2 Y. G. Zhang,1 Y. Zhang,1 T. Stueckler,1 L. Wang,1,4

H. Cui,4 D. Wang,4 C. Zhao,4 P. Bortolotti,3 A. Anane,3 J-Ph. Ansermet,2,† and W. Zhao1

1Fert Beijing Research Institute, School of Electrical and Information Engineering, BDBC, Beihang University, China
2Institute of Physics, Station 3, Ecole Polytechnique Fédérale de Lausanne, 1015 Lausanne-EPFL, Switzerland
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The damping of spin waves transmitted through a two-port magnonic device implemented on a yttrium iron
garnet thin film is shown to be proportional to the temperature gradient imposed on the device. The sign of the
damping depends on the relative orientation of the magnetic field, the wave vector, and the temperature gradient.
The observations are accounted for qualitatively and quantitatively by using an extension of the variational
principle that leads to the Landau-Lifshitz equation. All parameters of the model can be obtained by independent
measurements.
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The discovery of giant magnetoresistance (GMR) rev-
olutionized information storage technology [1,2] and the
spin-transfer torque (STT), predicted two decades ago by
Slonczewski [3] and Berger [4], may reshape once again the
magnetic memory industry [5]. The concept of a heat-driven
spin torque, or thermal spin-transfer torque (TST), has been
suggested [6–8] and opened the world of spin caloritronics.
Magnetic insulators are ideal for studying the fundamentals of
spin caloritronics, because they are free of the effect of heat
on charge transport. Here, we demonstrate that a spin torque
can be induced in magnetic insulators by applying a thermal
gradient. The effect is not linked to spin-dependent transport
at interfaces since we observe a heat-driven contribution to
damping of magnetization waves on a millimeter scale. We
show that by adding to M(r) the bound magnetic current
(∇ × M) as state variable, the variational principle that
yields the Landau-Lifshitz equation predicts the presence of
a thermal spin torque, from which we derive an expression
for spin currents in insulators. Our experiments verify the key
predictions of this model. Thermodynamics can predict a link
between heat and magnetization, but cannot determine the
strength of the effect [9].

Spin caloritronics studies the interplay of spin, charge, and
heat transport [10]. As the spin dependence of the electrical
conductivity proved to be important since it gives rise to GMR,
the spin dependence of other transport parameters has been
investigated, such as that of the Seebeck [11] and Peltier
coefficients [12]. The combination of heat with spin and charge
transport gained widespread attention owing to studies of the
spin Seebeck effect [13,14]. The STT effect which uses a spin-
polarized electrical current has shown promising applications,
e.g., in magnetic memories (STT-MRAM). It was already
established that heat flowing through a ferromagnetic metal
can generate a diffusive spin current [15] which induces a spin
torque when flowing through a magnetic nanostructure [6].
Experimentally, this effect was studied in Co/Cu/Co spin
valve nanowires by observing the change in the switching
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field of magnetization due to a local thermal gradient [7]. It
was later shown that heat couples to magnetization dynamics
[16–18]. The effect of heat on magnetization was also found in
magnetic tunnel junctions [19] and metallic spin valves [20].
Slonczewski predicted that a spin-transfer torque induced
by thermal magnons could be more efficient than the usual
electrically induced spin torques [8]. Combining TST and
STT might further decrease the write-current magnitude of
MRAMs [21].

A 20-nm-thick yittrium iron garnet (YIG) film was grown
on gadolinium gallium garnet (GGG) substrate using pulsed
laser deposition. Details of the growth condition and magnetic
properties of the thin YIG layer can be found in Ref. [22].

Figure 1 shows the experimental principle of the mea-
surement. Using inductively coupled plasma etching and
photolithography, a YIG strip 100 μm wide and 4.8 mm long
was prepared. The ends were designed with a 45◦ angle in order
to avoid spin-wave reflection. Following the etching process,
a 10-nm-thick copper or platinum bar was deposited on top
of the YIG strip by electron-beam evaporation. This bar is
connected to two large Au electrodes. These electrodes are
designed for contact with a ground-signal-ground microprobe.
The magnetic field is applied along the YIG strip, and
spin waves are excited by one microprobe and detected by
another. Alternatively, a microcoil [23] was used for excitation.
Excitation and detection are 800 μm apart. The results were
obtained with contacts made of Pt with a Ta seed layer. The
resonance frequency could be tuned from 4 GHz up to 10 GHz.
Lock-in detection with field modulation was used. The thermal
gradient was generated by two Peltier elements and defined as
∇T = (TB − TA)/l with l = 5 mm being the distance between
the Peltier elements. Using an infrared camera, we verified
that the temperature changed linearly at the location of the
sample.

As shown in Fig. 2, the linewidth changes linearly with
temperature gradient. Furthermore, the slope changes sign
when the field is reversed or when the propagation direction is
reversed. For the latter case, we had to move the sample and
this caused a change in the linewidth of 0.03 mT when the
sample was at a uniform temperature. In Fig. 2, we translated
all data points by this amount when the sample was flipped.
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FIG. 1. Spin-wave propagation under a thermal gradient. 4.8-
mm-long YIG strip fabricated on GGG substrate, width w = 100 μm,
thickness t = 20 nm, 10-nm-thick Cu contact connected to Au
electrodes, microprobes for both excitation and detection, Peltier
elements A and B heat sunk by copper blocks (not shown).

We can account for the observed effect of a temperature
gradient on spin-wave transmission by a model based on an
extension of the variation principle which yields the well-
known Landau-Lifshitz-Gilbert (LLG) equation [24]. In the
presence of an applied thermal gradient ∇T , the LLG equation

FIG. 2. Linewidth of the ferromagnetic resonance spectra at
4.2 GHz, as a function of temperature gradient. The slope changes
sign upon flipping the field (top) or flipping the direction of propaga-
tion at fixed field orientation (bottom). A → B data are translated by
0.03 mT.

for the time evolution of the magnetization M contains a
thermal spin torque term, i.e.,

Ṁ = γ M × Beff + α

MS
M × Ṁ + γ τTST, (1)

where γ < 0 is the gyromagnetic ratio, α is the magnetic
damping parameter, and MS is the saturation magnetization.
The effective magnetic field Beff is composed of the external
field B0, the demagnetizing field Bdem, the anisotropy field
Bani, and the microwave excitation field b induced by the
microwave antenna. The torque τTST can be expressed as

τ TST = αTST
ω

|γ |
M
M2

s

× (M × mk), (2)

where the effective thermal spin torque damping coefficient
αTST can be written as

αTST = − ωM

ω

kT

k
. (3)

Here, ω corresponds to the microwave frequency and mk is
the out-of-equilibrium component of the magnetization for a
mode of wave number k. In this work, we provide a quantitative
expression for the thermal wave vector kT with no adjustable
parameter:

kT = ω − ω0
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where ω0 = −γB0 and ωM = −γMS. The lengthy derivations
of the above equations are given in the Supplemental Mate-
rial [25]. The effective damping parameter αeff is the sum of
the Gilbert damping parameter α and the thermal spin torque
damping parameter αTST. The observed spin-wave spectral
linewidth is therefore given by [25]
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(5)

where ωK is the resonance frequency, given by the Kittel
formula [26] and the first two terms are the usual ones [27].

Thus, our model predicts that the thermal spin torque
changes sign under reversal of either the temperature gradient,
the propagation direction, or the applied magnetic field (Fig. 2).
Initially, we varied the applied thermal gradient and observed
a linear change in the spin-wave spectral linewidth for one
orientation of the field. This linear dependence is consistent
with Eq. (5). Clearly, when the thermal gradient changes sign,
the linewidth changes from a broadening to a narrowing with
respect to its value in the isothermal condition. It must be
noted that the temperature has hardly any influence on the
linewidth [25]. The dependence of linewidth with thermal
gradient changes sign when the magnetic field is reversed
(Fig. 2, top). This can be understood as follows. If ω changes
sign because B is reversed, then k must change sign also if we
want propagation to be maintained in the same orientation [25].
Therefore, according to Eq. (5), the slope of the linewidth
plotted vs temperature gradient must change sign when the
magnetic field is reversed, as confirmed by Fig. 2 (top).
Furthermore, if we swap the excitation and the detection,
i.e., we reverse the spin-wave vector k, then we observe that
the thermal spin torque effect is also reversed, as shown in
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k = 100 rad/cm

k = 35 rad/cm

FIG. 3. Linewidth as a function of frequency at a set temperature
gradient, using microprobe (top), or metal contacts (bottom) for
excitation. Wave vector based on HFSS calculation. The applied
temperature gradients are indicated in the figure. Top: black line
yields α = 3.15 × 10−4; red and blue lines using Eq. (5). Bottom:
black line yields α = 6.30 × 10−4; red line using Eq. (5). The error
bars indicate the noise level.

Fig. 2 (bottom), which is consistent with the linewidth being
proportional to 1/k [Eq. (5)].

We now investigate the frequency dependence of linewidth
variation. The upper part of Fig. 3 shows the linewidth changes
with frequencies from 4.7 GHz up to 9.7 GHz using a micro-
probe for excitation. We ran a high frequency electromagnetic
field simulation (HFSS) taking into account the dimensions
of the microprobe and acquired the field distribution at the
injection area. We then used Fourier transformation to obtain
the k space distribution [25]. Thus, we found that the most
prominent excitation has a wave vector around 100 rad/cm,
and that there are some higher order modes with much lower
intensities. The lower part of Fig. 3 shows the frequency
dependence of linewidth measured using the microcoil for
excitation. According to the results from HFSS, we found that
the dominant wave vector k of excitation is much smaller,
namely, 35 rad/cm. The slope of the frequency dependence
is proportional to the effective damping parameter. We can
observe that the change of the slope is more significant for
microcoil excitation than that for microprobe excitation. This
can be understood from Eq. (3) where the thermal spin torque
induced damping parameter is inversely proportional to the
spin-wave wave vector. We can account for the data using

the k values deduced from the HFSS calculation. We take the
temperature dependence of the saturation magnetization to be
| 1
MS

dMS
dT

| = 3.8 × 10−3 K−1 based on Ref. [16] and confirmed
by isothermal measurements of saturation magnetization [25].
In the lower part of Fig. 3, we fit the data based on Eq. (5),
using the damping parameter α = 6.30 × 10−4 deduced from
the data taken without any thermal gradient. This smaller
value could be due to the fact that when using the microcoil
excitation, the detection was done using a Pt bar, whereas a Cu
bar was used when taking data with the microprobe excitation.
According to Ref. [18], the growth of Pt on YIG may introduce
an increase of damping. In summary, the various data presented
in Fig. 3 can be accounted for quantitatively with parameters
that are all determined by independent measurements.

Finally, we note that the thermal spin torque [Eqs. (2)
and (3)] can be expressed in terms of a spin current. To first
order in the linear response, the thermal spin torque is given
by [25]

τTST = kT · js, (6)

where the dot stands for the tensor contraction and the thermal
spin current tensor js is defined by

js = −μ0 MS × ∇−1 mk. (7)

The spin current density tensor js has physical dimensions
(J/m2 in SI units) that correspond to the product of a spin
density and a phase velocity. Expression (7) has the same
geometry to first order as the spin-wave spin current tensor
derived by Saitoh and Ando [28]. However, the physical origin
of this spin current tensor is different since here, it is obtained
specifically for the case of a spin current induced by a thermal
gradient.

Very recently, self-oscillation based on spin-orbit torque
was found in YIG/Pt pillars [29] and in permalloy/Pt
nanowires [30]. By analogy, we may expect self-oscillation
driven by a thermal spin torque as well.

In conclusion, we have prepared thin-film YIG microstrips
and found that the linewidth of transmission spectra can be
broadened or narrowed by applying a thermal gradient. These
observations are accounted for by an effective damping that
is due to a thermal spin torque. A comprehensive theoretical
analysis provides an explicit expression for this torque, which
is derived from an extension of the variational principle on
which the Landau-Lifshitz equation is based. This study points
to the possibility of damping control in magnonic devices using
a local thermal gradient.
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Sample fabrication. A 20 nm-thick YIG film was grown on a gadolinium gallium14

garnet (GGG) substrate using pulsed laser deposition (PLD). Details of the growth con-15

dition and magnetic properties of the thin YIG layer can be found elsewhere [6]. Using16

inductively coupled plasma etching and photolithography, YIG strips of 100µm wide and17

4.8 mm long were prepared. The end was cut with a 45◦ angle in order to avoid spin-wave18

reflection. Afterwards, 10 nm-thick platinum (or copper) bars were deposited on top of the19

YIG strip by electron beam evaporation. The bars were connected to large Au electrodes20

which were designed for contact with a ground-signal-ground microprobe for microwave21

measurements.22

YIG

GGG

FIG. S1. Optical microscopy image of a typical device. The scale bar represents 100µm. Dotted

line: position of the transparent YIG strip.
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Spin-wave transmission measurements. The magnetization waves were measured23

by field modulation and a Lock-in Amplifier. Magnetization waves were excited at giga-24

hertz microwave frequencies and two picoprobes were used to inject microwave currents25

and to collect the microwave signals induced by propagating magnetization waves. The26

inductive microwave signals were rectified by a zero-bias Schottky diode and detected by a27

lock-in amplifier. The low frequency reference signal of the lock-in amplifier came from a28

function generator, which drove also two home-made modulation coils. The sample setup29

was placed in between the poles of an electromagnet held in place by a suction system.30

The YIG sample was glued on two Peltier elements on top of a copper disk. A gaussmeter31

probe was put at the center of the magnet, very close to the sample. Figure S2 shows the32

measurements of the transmission spectra between two microprobes. Using microprobes,33

one ensures local excitation and detection, with the propagation distance being 800µm.34

Under a thermal gradient of 12 K/cm, either in positive or negative direction, the spectra35

linewidth are varied, as well as the amplitude.36

B-B0 (mT)

dP
/d

H
 (µ

V
)

0-1 1
0

0

0

4

4

4

FIG. S2. Spin-wave spectra under different thermal gradients: using microprobe excitation,

spectra obtained with ∇T = 0 (black), 12 (red), -12 (blue) K/cm, centered at B0, the resonance

field for each case.
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A secondary measurement technique is to excite spin waves in a contact-free manner.37

Fig. S3a shows different measured transmission spectra using a microcoil for excitation.38

The distance between excitation and detection is about 1800µm. When a thermal gradient39

is applied, we observed that both the amplitude and the linewidth of the the spin-wave40

transmission spectra are dramatically modified, which exhibits consistent results with41

those obtained with the microprobe shown in the main text. In addition, the effect is42

strongly enhanced. A modest temperature gradient of 22 K/cm can enhance the amplitude43

of the measured spectrum by a factor of two.44

a b

-80 -78 -76
B (mT)

dP
/d

H
 (µ

V
)

0

-10

10

Detection

Excitation

B

T

k

FIG. S3. a, Using microcoil excitation, from left to right, thermal gradients ∇T =

+10 K/cm (red), +5 K/cm (pink), +2 K/cm (orange), 0 (black), -4 K/cm (green), -8 K/cm (cyan),

-11 K/cm (blue), -22 K/cm (purple), respectively. b, Excitation using microcoil. Detection using

microprobe connected to a 10 nm-thick Pt bar.
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The generation and monitoring of thermal gradient. In-plane temperature45

gradients were created by two Peltier elements at the two ends of the sample. The upper46

sides of both Peltier elements could form a temperature gradient when they were charged47

by DC currents of opposite polarities. The sample was connected with the Peltier elements48

by thermal tape. The temperature at the lower sides was maintained by a copper disk49

which was well heat-sunk. In order to determine quantitatively the heat current flowing50

through the sample, two thermal sensors were installed on the upper surface of the Peltier51

elements near the sample. A thermal camera was used to confirm the existence of linear52

temperature gradient in the YIG strip.53

Simulation using HFSS. We set up a model for the microcoil 1 mm above the YIG54

in the HFSS program. The simulation was set at 4.36 GHz. The amplitude and phase55

of the y component of the magnetic field Hy was extracted from the 1 mm sampling line56

along the YIG strip (x axis) by space steps of 0.01 mm. Using 100’000-point complex57

fast Fourier transform (FFT), the wavevector spectrum was then obtained, as shown in58

Fig. 4d. The simulation for microprobe is done in a similar way, taking into account of59

the detailed dimensions of the GSG picoprobe and the Cu or Pt bar.60
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FIG. S4. a, Spin wave wavevector k distribution based on HFSS calculated for microprobe

excitation. b, Spin wave wavevector k distribution based on the HFSS calculation for microcoil

excitation.
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I. THEORY OF THERMAL SPIN TORQUE61

First, We determine the resonance frequency ωK which corresponds to the eigenfre-62

quency of the magnetization dynamics in a stationnary state, in the absence of damping,63

i.e. α = 0, and of a thermal gradient, i.e. kT = 0. In a stationnary state, the time evo-64

lution of the excitation field b and of the magnetic response field m is given respectively65

by,66

ḃ = ωK × b and ṁ = ωK ×m (S1)

where ωK = ωK ẑ is the angular velocity at resonance. The time derivatives of the67

relations (S1) yield,68

b̈ = −ω2
K b and m̈ = −ω2

Km (S2)

In the absence of damping, i.e. α = 0, and of a thermal gradient, i.e. kT = 0, the69

linearised LLG equation reduces to,70

ṁ = ω0 (ẑ ×m)− ωM

µ0

(ẑ × b) + ωM (m · x̂) ŷ (S3)

The time derivative of relation (S3) is given by,71

m̈ = ω0 (ẑ × ṁ)− ωM

µ0

(
ẑ × ḃ

)
+ ωM (ṁ · x̂) ŷ (S4)

The substitution of (S3) into relation (S4) yields,72

m̈ = −ω0 (ω0 + ωM) m+
ωM

µ0

(
ω0 b− ẑ × ḃ+ ωM (b · ŷ) ŷ

)
(S5)

In order to satisfy the second equation (S2), relation (S5) reduces to,73

m̈ = −ω0 (ω0 + ωM) m (S6)

and thus the terms in the second brackets of relation (S5) vanish, i.e.74

ω0 b− ẑ × ḃ+ ωM (b · ŷ) ŷ = 0 (S7)

which implies that,75

ḃ = −ω0 (ẑ × b) + ωM (b · ŷ) x̂ (S8)
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The time derivative of relation (S8) is given by,76

b̈ = −ω0

(
ẑ × ḃ

)
+ ωM

(
ḃ · ŷ

)
x̂ (S9)

The substitution of (S9) into relation (S8) yields,77

b̈ = −ω0 (ω0 + ωM) b (S10)

The comparision between the relations (S1) and the relations (S6) and (S10) respectively78

yields the Kittel resonance frequency [1],79

ωK = ±
√
ω0 (ω0 + ωM) (S11)

where the sign is selected so that ωK has sign as the angular frequencies ω0 and ωM.80

T

M

MS

m

B0

dam
ping

TST

FIG. S5. Magnetization M precessing at an angle θ away from the equilibrium MS parallel to

the applied field B0, thermal spin torque τTST orthogonal to M .

Second, we analyze magnetization dynamics in the presence of a temperature gradient81

and derive a thermal spin torque and show that it can be expressed in terms of a spin82

current.83
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Taking into account an applied temperature gradient ∇T , the Landau-Lifshitz-Gilbert84

(LLG) equation for the time evolution of the magnetisation M contains an additional85

thermal spin torque (TST) term, i.e. [2],86

Ṁ = γM ×Beff +
α

MS

M × Ṁ + γM ×BTST (S12)

where Beff is the effective magnetic field, BTST is a magnetic field induced by the tem-87

perature gradient, γ < 0 is the gyromagnetic ratio, α is the magnetic damping parameter88

and MS is the saturation magnetisation. The effective magnetic field Beff is composed89

of the external field B0, the demagnetising field Bdem, the anisotropy field Bani and the90

microwave excitation field b induced by the microwave antenna. In order to focus on the91

significance of the thermal spin torque, we neglect the anisotropy field Bani. For the thin92

strip (Fig.1a in main text), the demagnetising field Bdem is given by, i.e.93

Bdem = −µ0 (M · n̂) n̂ (S13)

where n̂ = x̂ is the unit vector orthogonal to the microstrip plane. The magnetisation94

M is the sum of the saturation magnetisation MS and a magnetic response field m95

oscillating in a plane orthogonal to MS. In the linear response, the LLG equation (S12)96

is explicitly expressed as,97

ṁ = γ (m×B0 +MS × b)− γ µ0 (m · x̂) (MS × x̂) +
α

MS

MS × ṁ+ γMS ×BTST

(S14)

The thermal spin torque is due to the thermal magnetic field BTST obtained using a98

variational principle for the magnetisation [2],99

BTST = −µ0 ẑ ·∇−1

(
∂

∂z

(
χ−1m

))
(S15)

where χ is the magnetic susceptibility of the YIG microstrip. To first-order, the heat-100

driven magnetic field BTST is recast as,101

BTST = µ0
1

χ2

∂χ

∂T
(∇T ) ·∇−1m (S16)
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where the temperature gradient ∇T is applied along the ẑ-axis. According to the ex-102

pression (S16), the heat-driven magnetic field BTST can also be written as,103

BTST = −µ0

(
kT ·∇−1

)
m (S17)

where the thermal wave vector kT is given by,104

kT = − 1

χ2

∂χ

∂T
∇T (S18)

According to the relations (S14) and (S17), the linearised LLG equation is expressed105

as,106

ṁ = γ (m×B0 +MS × b)− γ µ0MS (m · x̂) ŷ+
α

MS

MS×ṁ− γ µ0MS×
(
kT ·∇−1

)
m

(S19)

The external magnetic field B0, the saturation magnetisation MS and the thermal wave107

vector kT are oriented along the ẑ-axis, i.e.108

B0 = B0 ẑ and MS = MS ẑ and kT = kT ẑ (S20)

and the magnetic excitation field b and the magnetic response field m are precessing in109

a plane orthogonal to B0, i.e.110

b = bx x̂+ by ŷ and m = mx x̂+my ŷ (S21)

For convenience, we introduce the angular frequencies ω0 and ωM that are given respec-111

tively by,112

ω0 = − γ B0 > 0 and ωM = − γ µ0MS > 0 (S22)

since the gyromagnetic ratio of an electron is negative, i.e. γ < 0. Using the defini-113

tions (S22), the linearised LLG equation (S19) is recast as,114

ṁ = ω0 (ẑ ×m)− ωM

µ0

(ẑ × b)+ωM (m · x̂) ŷ+α (ẑ × ṁ)+ωM ẑ×
(
kT ·∇−1

)
m (S23)

The propagation of the magnetisation waves occurs along the ẑ-axis. In a stationary115

state, the time evolution of the magnetic response field is given by,116

ṁ = ω (ẑ ×m) (S24)
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since for an electron the precession of the magnetisation is counterclockwise around the117

ẑ-axis. The magnetisation waves propagating in the YIG microstrip are magnetostatic118

background volume modes characterised by the fact that the wave vector k = − k ẑ is119

opposed to the propagation direction ẑ, i.e.120

k · z = − kz (S25)

Thus, the magnetic response field m can be expanded in plane waves of wave vector k,121

i.e.122

m =
∑
k

mk =
∑
k

(
mkx cos (ω t+ k z − φ) x̂+mky sin (ω t+ k z − φ) ŷ

)
(S26)

Similarly, the magnetic excitation field b is expanded in plane waves, i.e.123

b =
∑
k

bk =
∑
k

(
bkx cos (ω t+ k z) x̂+ bky sin (ω t+ k z) ŷ

)
(S27)

According to the relation (S26), the time derivative of the magnetic response field m is124

given by,125

ṁ =
∑
k

ω (ẑ ×mk) (S28)

In order to recast the last term of the linearised LLG equation (S19) in the form of a126

Gilbert term, we apply the operatorial identity ∇−1 · ∇ = 1 along the ẑ-axis on the127

vector
∑

k
1
k

(ẑ ×mk), i.e.128

kT ·∇−1

(
ẑ ·∇

(∑
k

1

k
(ẑ ×mk)

))
=
∑
k

kT

k
(ẑ ×mk) (S29)

where according to the relation (S26)

ẑ ·∇
(

1

k
(ẑ ×mk)

)
= ẑ ·∇

(
−mky

sin (ω t+ k z − φ)

k
x̂+mkx

cos (ω t+ k z − φ)

k
ŷ

)
= −mkx cos (ω t+ k z − φ) x̂− mky sin (ω t+ k z − φ) ŷ = −mk

This implies that the identity (S29) reduces to,129 (
kT ·∇−1

)
m = −

∑
k

kT

k
(ẑ ×mk) (S30)
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We define the thermal spin torque damping parameter αTST as,130

αTST = − ωM

ω

kT

k
(S31)

and thus the effective damping parameter α eff is given by,131

α eff = α + αTST (S32)

We now determine the magnetic susceptibility χ for the linear response at resonance. Us-132

ing the relations (S28), (S30), (S31) and (S22), the linearised LLG equation (S23) is recast133

in reciprocal space as,134

(ω − ω0) (ẑ ×mk)− ωM (mk · x̂) ŷ − α eff ω
(
ẑ × (ẑ ×mk)

)
= − ωM

µ0

ẑ × bk (S33)

which can be recast as,135

(ω − ω0)mk − ωM (mk · x̂) x̂+ α eff ω (mk · ŷ) x̂− α eff ω (mk · x̂) ŷ = − ωM

µ0

bk (S34)

The relation (S34) is recast in matrix form as,136 ω − ω0 − ωM α eff ω

−α eff ω ω − ω0

mk · x̂

mk · ŷ

 = − ωM

µ0

bk · x̂
bk · ŷ

 (S35)

At resonance in the GHz range, the angular frequencies satisfy the following condition,137

α eff �
ω − ω0

ω
and α eff �

ω − ω0 − ωM

ω
(S36)

which implies that φ � 1. Thus, taking into account the conditions (S36), the magnetic138

constitutive relation (S35) is recast as,139

bk = µ0χ
−1 ·mk (S37)

where the inverse of the magnetic susceptibility tensor is expressed as,140

χ−1 =

χ−1 + 1 0

0 χ−1

 (S38)
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and the magnetic susceptibility scalar χ yields,141

χ = − ωM

ω − ω0

(S39)

The temperature derivative of the inverse magnetic susceptibility tensor (S38) is given by,142

∂χ−1

∂T
=
∂χ−1

∂T
1 = − 1

χ2

∂χ

∂T
1 (S40)

Taking into account the relation (S39), the temperature derivative of the magnetic sus-143

ceptibility χ yields,144

dχ

dT
= − ωM

ω − ω0

∣∣∣∣ 1

MS

dMS

dT

∣∣∣∣ (S41)

Using the expressions (S11), and the relations (S39) and (S41), the thermal wave vec-145

tor (S18) is recast at resonance as,146

kT =
ωK − ω0

ωM

∣∣∣∣ 1

MS

dMS

dT

∣∣∣∣ ∇T (S42)

The predicted effect is inversely proportional to the wave numbers k (S31). In our analysis,147

we shall only consider the dominant mode. Using the expression (S42) for the thermal wave148

vector kT and the expression ∇T = ∇z T ẑ for the thermal gradient, the expression (S31)149

for the thermal spin torque damping parameter αTST becomes,150

αTST = −
(

1− ω0

ωK

) ∣∣∣∣ 1

MS

dMS

dT

∣∣∣∣ 1

k
∇z T (S43)

The thermal spin torque damping parameter αTST changes sign under reversals of either151

the temprature gradient, the propagation direction or the applied magnetic field. Ac-152

cording to relation (S32), the effective damping parameter α eff is the sum of the Gilbert153

damping parameter α and the heat driven spin torque damping parameter αTST. The154

inhomogeneous line width is frequency independent and the homogeneous line width is155

proportional to the damping parameter, [3], i.e.156

∆B = ∆B0 +
2√
3
α eff

∣∣∣∣ ωγ
∣∣∣∣ (S44)
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At resonance, i.e. ω = ωK, using the relation (S43), the expression (S44) for the homoge-157

neous line width is recast explicitly as,158

∆B = ∆B0 +
2√
3
α

∣∣∣∣ ωK

γ

∣∣∣∣− 2√
3

∣∣∣∣ ωK − ω0

γ

∣∣∣∣ ∣∣∣∣ 1

MS

dMS

dT

∣∣∣∣ 1

k
∇z T (S45)

We now determine an explicit expression of the thermal spin torque τTST. To first-159

order, the thermal spin torque is given by,160

τTST = MS ×BTST (S46)

Using the expression (S17) of the heat-driven magnetic field BTST and the definition (S22)161

of the angular frequency ωM, the thermal spin torque (S46) becomes,162

τTST =
ωM

γ
ẑ ×

(
kT ·∇−1

)
m (S47)

At resonance, i.e. ω = ωK, the expression (S31) of the heat-driven damping coefficent163

αTST yields,164

αTST = − ωM

ωK

kT

k
(S48)

For the dominant k-mode, using the vectorial identity (S30) and the expression (S48) of165

αTST, the expression (S46) of the thermal spin torque reduces to,166

τTST = −αTST
ωK

| γ |
mk (S49)

since γ < 0. The thermal spin torque (S49) can be recast as,167

τTST = αTST
ωK

| γ |M2
S

MS × (MS ×mk) (S50)

In the non-linear response where the precession cone angle θ = mk/MS is large, the torque168

is orthogonal to the magnetisation M , i.e.169

τTST = αTST
ωK

| γ |M2
S

M × (M ×mk) (S51)

The thermal spin torque (S51) is parallel (i.e. αTST > 0) or anti-parallel (i.e. αTST < 0)170

to the magnetic damping torque corresponding to the Gilbert damping term.171
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We now express the thermal spin torque τTST in terms of a spin current density. Taking172

into account the expression (S22) of ωM and the expression (S48) of αTST, the thermal spin173

torque (S51) can be recast as,174

τTST = − kT

M2
S

M × (M × js) (S52)

where the spin current density vector js is given by,175

js =
µ0MS

k
mk (S53)

The expression (S52) of the thermal spin torque (TST) has the same geometry as the176

spin-transfer torque (STT) in a metallic ferromagnet [5]. The thermal spin current density177

vector js in the thermal spin torque (TST) plays an analogous role to the charge current178

density in the spin transfer torque (STT). To first-order in the linear response, the thermal179

spin torque (S52) reduces to,180

τTST = kT js (S54)

Alternatively, using the expression (S17) for the heat-driven magnetic field BTST, the181

thermal spin torque (S46) is expressed as,182

τTST = kT · js (S55)

where the dot stands for the tensor contraction. The i-component of the thermal spin

torque is given explicitly by,

(τTST) i =
3∑

j=1

(kT) j (js) ij = −
3∑

j,k,`=1

µ0 ε ik` (MS) k (kT) j ∂−1
j (mk) `

where ε ik` is the totally antisymmetric Levi-Civita tensor. Thus, the heat-driven spin183

current tensor js yields,184

js = −µ0MS ×∇−1mk (S56)

Note that the spin current density vector js and the spin current density tensor js have185

the same physical dimensions, i.e. J/m2 in SI units, that correspond to the product of186

the spin density and the phase velocity of the heat-driven spin waves.187
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II. FIELD AT RESONANCE AS A FUNCTION OF TEMPERATURE188

Isothermal measurements are conducted when both Peltier elements are set at the189

same temperature. We observe a systematic change of the value of the field at resonance190

with respect to the temperature T , which is attributed to the temperature dependence of191

the saturation magnetisation. (Fig.S1a). We observe that
dB0

dT
= 0.18 mT/K for which192

we deduce
1

MS

dMS

dT
= −3.8 × 10−4 using the Kittel formula. The absolute value of193

saturation magnetization Ms was accurately measured by D. Kelly et al [6]. In a second194

a b

excitation

FIG. S6. Field at resonance as a function temperature. a, Isothermal measurement of field

at resonance. b, Field at resonance as a function of injector temperature. Detector maintained

at 303 K. Microwave frequency: 4.2 GHz.
195

196197

experiment, we vary only the excitation temperature, and keep the detection temperature198

relatively constant. We find again a clear temperature dependence for the field B0 at199

resonance(Fig.S1b). We extract the slope
dB0

dT
= 0.16 mT/K from Fig.S1b, which is fairly200

similar to that of isothermal measurements (Fig.S1a). This indicates that our excitation201

and detection are local and what matters for the field at resonance is the temperature at202

the excitation.203
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FIG. S7. Isothermal measurement of line width at 4.35 GHz as a function of temperature.
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