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Outline

• Two-fluid (coherent vs incoherent) view on collective magnetic dynamics

• NV-center measurement and coherent control of magnon chemical potential

• Thermoelectrically-pumped magnon condensation
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Fig. 1. Local control and measurement of the magnon chemical potential. (A) An NV spin 

locally probes the magnetic fields generated by magnons in a 20 nm-thick YIG film grown on a 

Gd3Ga5O12 ;GGG) substrate. (B) Sketch of the magnon dispersion and the magnon density at zero 

chemical potential, which falls off as 1/Energy (1/E) as indicated by the fading colors. (C) Driving 

at the ferromagnetic resonance increases the magnon chemical potential. The NV probes the 

magnon density at the electron spin resonance frequencies ɘേ. (D) Photoluminescence image 

showing a diamond nanobeam containing individually addressable nitrogen-vacancy sensor spins 

positioned on top of the YIG film. A 600 nm-thick Au stripline (false-colored yellow) provides 

microwave control of the magnon chemical potential and the NV spin states. A 10 nm-thick Pt 

stripline (false-colored grey) provides spin injection through the spin Hall effect. (E). Scanning 

electron microscope image of representative diamond nanobeams.  
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Measuring ⌘
FMR-induced chemical potential of the incoherent magnon gas 

determined by measuring relaxation times of NV spins
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FIG. 1: YIG/Pt nanowire magneto-resistance and microwave signal generation. a Sketch of the YIG/Pt nanowire
STO illustrating the flow of spin Hall and spin Seebeck currents perpendicular to the YIG/Pt interface. b Magnetoresistance
of the YIG/Pt nanowire measured at low (Idc = 0.15mA) and high (Idc = 2.75mA) direct current bias for a magnetic field
applied in the sample plane at � = 90� to the wire axis. c Spin Seebeck voltage VSSE induced in the nanowire by a large
microwave current (microwave power Prf = 2 dBm) as a function of magnetic field. d Microwave power generated by the
nanowire at 3.2GHz as a function of magnetic field and direct current bias.

� = 70�. In contrast to conventional measurements of
the microwave power emitted by STO as a function of
frequency at fixed H [16], we measure the emitted power
at a fixed frequency (3.2GHz in Fig. 1d) as a function of
H. As discussed in the Supplementary Information, this
novel STO characterization method greatly improves the
signal-to-noise ratio in comparison to the conventional
method and allows us to measure low power microwave
signals generated by nanomagnetic devices.
In order to gauge the relative contributions of the spin

Hall and spin Seebeck currents to the excitation of the
auto-oscillatory dynamics, we make measurements of the
critical current for the onset of the auto-oscillations as a

function of the in-plane magnetic field direction �. In-
plane rotation of the YIG magnetization changes its di-
rection with respect to the polarization of spin Hall cur-
rent, which leads to a 1/ sin� dependence of the critical
current when the spin Hall current is acting alone [6]. In
contrast, the spin Seebeck current polarization is always
parallel to the direction of the YIG magnetization. Thus,
the critical current due to the spin Seebeck current cou-
pled to magnetic precession is expected to be only weakly
dependent on � as long as the auto-oscillation frequency
is fixed [25] as in our measurements.
Figure 2 shows the angular dependence of the critical

current measured for our YIG/Pt nanowire in the range



General view

• Phonons equilibrate fast and define a thermalizing environment

• Incoherent (thermal) magnons form a quasiequilibrium ensemble, with well-
defined chemical potential and temperature

• As spin-orbit interactions are weak compared to exchange, magnon chemical 
potential can depart significantly from the equilibrium (zero) value
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Figure 1 | Non-local measurement geometry. a, Schematic representation
of the experimental geometry. A charge current I through the left platinum
strip (the injector) generates a spin accumulation at the Pt|YIG interface
through the spin Hall e�ect. Through the exchange interaction at the
interface, angular momentum is transferred to the YIG, exciting or
annihilating magnons. The magnons then di�use towards the right
platinum strip (the detector), where they are absorbed and a spin
accumulation is generated. Through the inverse spin Hall e�ect the spin
accumulation is converted to a charge voltage V, which is then measured.
b, Schematic of the magnon creation and absorption process. A conduction
electron in the platinum scattering o� the Pt|YIG interface transfers spin
angular momentum to the YIG. This will flip its spin and create a magnon.
The reciprocal process occurs for magnon absorption. c, Optical
microscope image of a typical device. The parallel vertical lines are the
platinum injector and detector, which are contacted by gold leads. Current
and voltage connections are indicated schematically. An external magnetic
field B is applied at an angle ↵. The scale bar represents 20 µm.

the sample in a fixed external field. Using lock-in amplifiers, we
separate higher-order contributions in the voltage by measuring
higher harmonics, using: V = R1I + R2I 2 + ·· · , where Ri is the
ith harmonic response23. Because magnon spin injection/detection
scales linearly with I , its magnitude is obtained from the first
harmonic signal. Any thermal e�ects due to Joule heating (for
which 1T / I 2) will be detected in the second harmonic signal.
The result of such a measurement is shown in Fig. 2a (2c) for the
first (second) harmonic, and the observed angular dependence is
explained schematically in Fig. 2b (2d).

We fabricated two series of devices with di�erent
injector–detector separation distances d . Series A is tailored
to the short-distance regime (d <5µm), whereas series B explores
the long-distance regime (3 < d < 50 µm). For each device, a
non-local measurement as shown in Fig. 2 was performed.

The magnitudes of the non-local resistances were extracted for
every d , by fitting the data with

R1! =R1!
0 +R1!

nl cos
2(↵) (1)

R2! =R2!
0 + 1

2
R2!
nl cos(↵) (2)

where R1!
0 and R2!

0 are o�set resistances (seeMethods) and R1!
nl (R2!

nl )
are the magnitudes of the first (second) harmonic signal. Figure 3a
and c (3b andd) show the results on linear and logarithmic scales, for
the first (second) harmonic non-local resistance, respectively. Both
R1!
nl and R2!

nl are normalized to device length, to compare devices
having di�erent lengths.

From Fig. 3 we can clearly observe two regimes, which we
interpret as follows: at large distances, signal decay is dominated
by magnon relaxation and is characterized by exponential decay.
For distances shorter than the magnon spin di�usion length we
observe di�usive transport, and the signal follows a 1/d behaviour
(inset Fig. 3a). Both regimes are described well with a single model,
using the one-dimensional spin di�usion equation24,25, adapted for
magnon transport:

d2nm

dx2
= nm

�2
, with �=

p
D⌧ (3)

where nm is the non-equilibrium magnon density, � is the magnon
spin di�usion length in YIG, D is the magnon di�usion constant
and ⌧ is themagnon relaxation time. The one-dimensional approach
is valid because the YIG thickness (200 nm) is much smaller than
the injector–detector distance d , whereas the device length is much
larger than d . We assume strong spin–magnon coupling between
YIG and platinum, given the large spin-mixing conductance at
the Pt|YIG interface26,27 and the strong spin–orbit interaction in
platinum.We therefore impose the boundary conditions nm(0)=n0
and nm(d)=0, where n0 is the injected magnon density, which is
proportional to the applied current and is determined by various
material and interface parameters. These conditions imply that the
injector acts as a low-impedance magnon source, and all magnon
current is absorbed when it arrives at the detector. The solution to
equation (3) is of the form nm(x)=aexp(�x/�)+bexp(x/�), and
from the boundary conditions we find for the magnon di�usion
current density jm =�D(dnm/dx) at the detector:

jm(x=d)=�2D
n0

�

exp(d/�)

1�exp(2d/�)
(4)

The non-local resistance is proportional to jm(d)/n0, and from
equation (4) we adopt a two-parameter fitting function for the non-
local resistances, capturing the distance-independent prefactors in a
single parameter C :

Rnl =
C
�

exp(d/�)

1�exp(2d/�)
(5)

The signal decay described by equation (5) is equivalent to that
of spin signals in metallic spin valves with transparent contacts28.
The dashed lines shown in Fig. 3a,c are best fits to this function,
where we find from the first harmonic data �1! = 9.4± 0.6 µm.
From the second harmonic signal (Fig. 3b,d), originating from
magnons generated by heat produced in the injector strip, we find
�2! =8.7±0.8µm. For distances larger than 40 µm, the non-local
voltage is smaller than the noise level of our set-up (approximately
3 nVr.m.s.). We compare the magnitude and sign of the signal
in the short-distance measurements to a local measurement in
Supplementary Section A. From this, we obtain a value for the spin
conductivity of YIG, �s ⇡4⇥105 Sm�1, which is comparable to that
of metals.
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Long-ranged magnon transport

spin Hall (and spin Seebeck) injection and detection of spin flow in an insulator

condensation of magnons and superfluid phenomena?

(dynamic instability of the static uniform background)

(YIG)



Thermal-magnons/order-parameter coupling ⌘

thermal bias (spin Seebeck)

rT

• Coherent order-parameter dynamics experiences magnonic torque

• Magnon pumping

• According to the Onsager reciprocity, the same proportionality coefficient
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Symmetry-based phenomenology

Flebus, Upadhyaya, Duine, and YT, PRB (2016)
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Directional order-parameter dynamics:

Thermal-magnon transport:
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pumping relaxation

• Formation of heat-driven magnon condensates and the ensuing spin dynamics

• Normal-superfluid interconversion in the coupled flow of spin and heat



Thermomagnonic self-torques: Microscopics

�̂ = h�̂i+ �̂
bosonic field condensate component thermal cloud

Holstein-Primakoff transformation:

Flebus, Bender, YT, and Duine, PRL (2016); Bender and YT, PRB (2016)

andŝx � iŝy ⇡
p
2s�̂
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k1

k2

k3

damping 

k2

k3 k1

antidamping

(a) 

τ l

τ l

0

0

TT

x
y

z

n
φ

θ
α

µ
=

µ
z

nx

δT

(b) 

N F 

FIG. 1. (a) Schematic for the N|F bilayer. An interfacial temper-
ature drop δT drives spin current into F, which is absorbed by the
magnons. (b) Magnon scattering processes, opened when the spin
density order parameter n is misaligned with the F broken-symmetry
axis z. The annihilation of one finite k (thermal) magnon and the
corresponding creation of two robs n of ! of angular momentum in
the z direction, resulting in a damping torque; the inverse process
generates an antidamping torque. Wavy lines represent ϕ̂ magnons,
while straight represent # magnons.

easy axis when K < 0. The spin density operator ŝ consists
of a coherent piece ⟨ŝ⟩ = s̃n around which the spin density
fluctuates incoherently: δŝ = ŝ − ⟨ŝ⟩. These fluctuations are
composed of magnons, which reduce the effective spin density
to s̃ = s(1 − nx/s), where nx is the thermal magnon density.
The anisotropy couples the thermal cloud and n, allowing
for an exchange of angular momentum between the two via
the scattering of thermal magnons. The local mechanism
for the thermally driven torque works as follows: When
a temperature gradient is applied across the N|F interface,
angular momentum is driven into the normal cloud by the
spin Seebeck effect. The out-of-equilibrium cloud relaxes the
excess angular momentum to the order parameter via this
coupling, thereby exerting a torque on n.

1. Scattering

Using the Holstein-Primakoff transformation, the spin
density may be mapped to boson field operators #̂(x ) and
#̂†(x ) [14]:

ŝz = #̂†#̂ − s, ŝ−(x ) =
√

2s − #̂†#̂#̂, (2)

where ŝ± = ŝx ± iŝy and [#̂(x ),#̂†(x ′)] = δ(x − x ′). It is
convenient to decompose #̂ into # = ⟨#̂⟩, corresponding
to a coherent condensate magnon, and ϕ̂, which describes
fluctuations around #:

#̂(x ) = # + ϕ̂(x ) . (3)

The quanta of ϕ̂ are incoherent magnons, each of which
carry angular momentum −!n ≈ !z; For our purposes, these
magnons are thermally activated, so that the thermal magnon
cloud density is given by nx = ⟨ϕ̂†ϕ̂⟩. Writing # ≡ √

nce
−iφ ,

which plays the role of the condensate wave function, the total
average angular momentum in the z direction becomes !⟨ŝz⟩ =
!(nx + nc) − !s. Using Eq. (2) to compute the remaining
components of ⟨ŝ⟩ = s̃n, one identifies φ as the azimuthal
angle between n and the x axis; we assume that nc + nx ≪ s,
so that the condensate density nc, which parametrizes the

misalignment of n with −z, can be written as nc ≈ (s̃/2)θ2,
with θ as the polar angle between them (see Fig. 1).

Expanding Eq. (2) in #̂†#̂/s and inserting Eq. (3) generates
terms of various powers of ϕ̂ and #, which divide into
two classes: ϕ̂ magnon number conserving and noncon-
serving. In the absence of driving, the former terms relax
the thermal magnon distribution fk ≡ ⟨ϕ̂†

kϕ̂k⟩ (with ϕ̂k =∫
d 3xeik·x ϕ̂/

√
V and V as the volume of F) towards a

Bose-Einstein profile: fBE(ϵk) = 1/[eβ(ϵk−µ) + 1] with a well-
defined magnon temperature T = 1/β (in units of energy) and
chemical potential µ. The magnon spectrum ϵk = Ak2 + U is
shifted by the Hartree-Fock mean-field potential U = !( +
2Knc/s, where !( = H − K(1 − 2nx/s). The relaxation
time associated with these processes depends on both the
exchange and anisotropy terms in Eq. (1). Focusing on high
temperatures (T ≫ !(), the exchange mechanism dominates,
and the relaxation time is fast [10]; we shall therefore
suppose that the thermal magnon cloud is parametrized by
T and µ, even in the presence of driving. In addition, in
equilibrium Gilbert damping establishes µ = 0, while inelastic
spin-preserving magnon-phonon scattering fixes the magnon
temperature to that of the phonons. Because the former type
of magnon-lattice interaction relies on spin-orbit coupling, it
is generally weaker than the latter; in this spirit, we shall
suppose that the magnon temperature always remains pinned
to that of the phonon temperature, while µ may be driven from
its equilibrium value.

The spin torque on n arises from terms in Ĥ that break
ϕ̂ magnon number conservation. The exchange interaction,
which is independent of n by SU(2) symmetry, does not
contribute. However, when n is misaligned with the z axis,
anisotropy generates a contribution to Ĥ,

Ĥcx(n) = (K/s)#∗
∫

d 3xϕ̂†(x )ϕ̂(x )ϕ̂(x ) + H.c., (4)

opening a magnon scattering channel that redistributes z
angular momentum between the thermal cloud and order
parameter: two ϕ̂ magnons are annihilated (created), creating
(annihilating) one φ̂ magnon and one # magnon. Because
the total z-angular momentum carried by the spin density
is conserved by rotational symmetry, the corresponding loss
(gain) of !z angular momentum by the thermal magnon
cloud is compensated by the absorption (emission) of angular
momentum by #, which is translated as an antidamping
(damping) spin torque on n. The resulting scattering rate at
which angular momentum is transferred between the thermal
cloud and the order parameter is obtained by Fermi’s golden
rule and given by [15]:

) = 2η(!ω − µ)nc = !ṅx |cx = −!ṅc|cx. (5)

Here, fi = fBE(ϵki
), !ω ≡ !( + Knc/s is the precessional

frequency of n around −z, and η is given by:

η = (K/s)2

T (2π )5

∫
d 3k1

∫
d 3k2

∫
d 3k3δ(k1 − k2 − k3)

× δ(!ω + ϵk1 − ϵk2 − ϵk3 )(1 + f1)f2f3, (6)

which can be written as: η = η̄I , where η̄ ≡ (T/Tc)3(K/T )2,
Tc = As2/3 approximates the Curie temperature, and I is
a dimensionless integral that depends on (µ − U )/T and
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of a coherent piece ⟨ŝ⟩ = s̃n around which the spin density
fluctuates incoherently: δŝ = ŝ − ⟨ŝ⟩. These fluctuations are
composed of magnons, which reduce the effective spin density
to s̃ = s(1 − nx/s), where nx is the thermal magnon density.
The anisotropy couples the thermal cloud and n, allowing
for an exchange of angular momentum between the two via
the scattering of thermal magnons. The local mechanism
for the thermally driven torque works as follows: When
a temperature gradient is applied across the N|F interface,
angular momentum is driven into the normal cloud by the
spin Seebeck effect. The out-of-equilibrium cloud relaxes the
excess angular momentum to the order parameter via this
coupling, thereby exerting a torque on n.

1. Scattering

Using the Holstein-Primakoff transformation, the spin
density may be mapped to boson field operators #̂(x ) and
#̂†(x ) [14]:

ŝz = #̂†#̂ − s, ŝ−(x ) =
√

2s − #̂†#̂#̂, (2)

where ŝ± = ŝx ± iŝy and [#̂(x ),#̂†(x ′)] = δ(x − x ′). It is
convenient to decompose #̂ into # = ⟨#̂⟩, corresponding
to a coherent condensate magnon, and ϕ̂, which describes
fluctuations around #:

#̂(x ) = # + ϕ̂(x ) . (3)

The quanta of ϕ̂ are incoherent magnons, each of which
carry angular momentum −!n ≈ !z; For our purposes, these
magnons are thermally activated, so that the thermal magnon
cloud density is given by nx = ⟨ϕ̂†ϕ̂⟩. Writing # ≡ √

nce
−iφ ,

which plays the role of the condensate wave function, the total
average angular momentum in the z direction becomes !⟨ŝz⟩ =
!(nx + nc) − !s. Using Eq. (2) to compute the remaining
components of ⟨ŝ⟩ = s̃n, one identifies φ as the azimuthal
angle between n and the x axis; we assume that nc + nx ≪ s,
so that the condensate density nc, which parametrizes the

misalignment of n with −z, can be written as nc ≈ (s̃/2)θ2,
with θ as the polar angle between them (see Fig. 1).

Expanding Eq. (2) in #̂†#̂/s and inserting Eq. (3) generates
terms of various powers of ϕ̂ and #, which divide into
two classes: ϕ̂ magnon number conserving and noncon-
serving. In the absence of driving, the former terms relax
the thermal magnon distribution fk ≡ ⟨ϕ̂†

kϕ̂k⟩ (with ϕ̂k =∫
d 3xeik·x ϕ̂/

√
V and V as the volume of F) towards a

Bose-Einstein profile: fBE(ϵk) = 1/[eβ(ϵk−µ) + 1] with a well-
defined magnon temperature T = 1/β (in units of energy) and
chemical potential µ. The magnon spectrum ϵk = Ak2 + U is
shifted by the Hartree-Fock mean-field potential U = !( +
2Knc/s, where !( = H − K(1 − 2nx/s). The relaxation
time associated with these processes depends on both the
exchange and anisotropy terms in Eq. (1). Focusing on high
temperatures (T ≫ !(), the exchange mechanism dominates,
and the relaxation time is fast [10]; we shall therefore
suppose that the thermal magnon cloud is parametrized by
T and µ, even in the presence of driving. In addition, in
equilibrium Gilbert damping establishes µ = 0, while inelastic
spin-preserving magnon-phonon scattering fixes the magnon
temperature to that of the phonons. Because the former type
of magnon-lattice interaction relies on spin-orbit coupling, it
is generally weaker than the latter; in this spirit, we shall
suppose that the magnon temperature always remains pinned
to that of the phonon temperature, while µ may be driven from
its equilibrium value.

The spin torque on n arises from terms in Ĥ that break
ϕ̂ magnon number conservation. The exchange interaction,
which is independent of n by SU(2) symmetry, does not
contribute. However, when n is misaligned with the z axis,
anisotropy generates a contribution to Ĥ,

Ĥcx(n) = (K/s)#∗
∫

d 3xϕ̂†(x )ϕ̂(x )ϕ̂(x ) + H.c., (4)

opening a magnon scattering channel that redistributes z
angular momentum between the thermal cloud and order
parameter: two ϕ̂ magnons are annihilated (created), creating
(annihilating) one φ̂ magnon and one # magnon. Because
the total z-angular momentum carried by the spin density
is conserved by rotational symmetry, the corresponding loss
(gain) of !z angular momentum by the thermal magnon
cloud is compensated by the absorption (emission) of angular
momentum by #, which is translated as an antidamping
(damping) spin torque on n. The resulting scattering rate at
which angular momentum is transferred between the thermal
cloud and the order parameter is obtained by Fermi’s golden
rule and given by [15]:

) = 2η(!ω − µ)nc = !ṅx |cx = −!ṅc|cx. (5)

Here, fi = fBE(ϵki
), !ω ≡ !( + Knc/s is the precessional

frequency of n around −z, and η is given by:

η = (K/s)2

T (2π )5

∫
d 3k1

∫
d 3k2

∫
d 3k3δ(k1 − k2 − k3)

× δ(!ω + ϵk1 − ϵk2 − ϵk3 )(1 + f1)f2f3, (6)

which can be written as: η = η̄I , where η̄ ≡ (T/Tc)3(K/T )2,
Tc = As2/3 approximates the Curie temperature, and I is
a dimensionless integral that depends on (µ − U )/T and
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Detecting magnon pumping by NV centers
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Fig. 1. Local control and measurement of the magnon chemical potential. (A) An NV spin 

locally probes the magnetic fields generated by magnons in a 20 nm-thick YIG film grown on a 

Gd3Ga5O12 (GGG) substrate. (B) Sketch of the magnon dispersion and the magnon density at zero 

chemical potential, which falls off as 1/Energy (1/E) as indicated by the fading colors. (C) Driving 

at the ferromagnetic resonance increases the magnon chemical potential. The NV probes the 

magnon density at the electron spin resonance frequencies ω±. (D) Photoluminescence image 

showing a diamond nanobeam containing individually addressable nitrogen-vacancy sensor spins 

positioned on top of the YIG film. A 600 nm-thick Au stripline (false-colored yellow) provides 

microwave control of the magnon chemical potential and the NV spin states. A 10 nm-thick Pt 

stripline (false-colored grey) provides spin injection through the spin Hall effect. (E). Scanning 

electron microscope image of representative diamond nanobeams.  ϭϰ�
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Control and local measurement of the
spin chemical potential in a
magnetic insulator
Chunhui Du,1* Toeno van der Sar,1* Tony X. Zhou,1,2* Pramey Upadhyaya,3

Francesco Casola,1,4 Huiliang Zhang,1,4 Mehmet C. Onbasli,5,6 Caroline A. Ross,5

Ronald L. Walsworth,1,4 Yaroslav Tserkovnyak,3 Amir Yacoby1,2†

The spin chemical potential characterizes the tendency of spins to diffuse. Probing this
quantity could provide insight into materials such as magnetic insulators and spin liquids and
aid optimization of spintronic devices. Here we introduce single-spin magnetometry as a
generic platform for nonperturbative, nanoscale characterization of spin chemical potentials.
We experimentally realize this platform using diamond nitrogen-vacancy centers and use
it to investigate magnons in a magnetic insulator, finding that the magnon chemical potential
can be controlled by driving the system’s ferromagnetic resonance.We introduce a symmetry-
based two-fluid theory describing the underlying magnon processes, measure the local
thermomagnonic torque, and illustrate the detection sensitivity using electrically controlled
spin injection. Our results pave the way for nanoscale control and imaging of spin transport in
mesoscopic systems.

C
ontrol and measurement of the chemical
potential of a spin system can be used to
explore phenomena ranging from quan-
tum phase transitions (1, 2) to Bose-Einstein
condensation (3, 4) and spin transport in

gases and solid-state systems (5–11). In recent
decades, a large scientific effort has focused
on harnessing spin transport for low-dissipation
information processing (7, 12–14). In contrast to
charge, spin is not a conserved quantity and
naturally decays on the nanoscale for a wide
range of materials, including typical metals
(15, 16), calling for a local detection technique.
Compared to the centuries-old techniques for
studying charge transport, methods for probing
spin chemical potentials have only been devel-
oped recently, with leading methods based on
the coupling between spin and charge transport
(6, 13, 14, 17) and inelastic light scattering (3, 18).
Here we introduce a fundamentally different
approach, which uses a single sensor spin to
measure the local magnetic field fluctuations
generated by a thermal spin bath. This approach

is nonperturbative and provides spatial access
to the spin chemical potential on a scale determined
by the distance between the sensor spin and the

system under study, opening the door to imaging
spin transport phenomena with resolutions down
to the few-nanometer scale.
Because spin chemical potential is inherently

related to spin fluctuations, it can be quantita-
tively determined by measuring the magnetic
fields generated by these fluctuations. We dem-
onstrate this principle using the excellent magnetic
field sensitivity of the S = 1 electronic spin
associated with the nitrogen-vacancy (NV) center
in diamond (19, 20). We measure the chemical
potential of magnons—the elementary spin excita-
tions of magnetic materials (12)—in a 20-nm-thick
film of the magnetic insulator yttrium-iron-garnet
(YIG) on a ~100-nm-length scale ( F1Fig. 1A). Our
measurements reveal that the magnon chemical
potential can be effectively controlled by exciting
the system’s ferromagnetic resonance (FMR)
(Fig. 1, B and C).
Locally probing the weak magnetic fields

generated by the fluctuations of a spin system
requires nanometer proximity of a magnetic
field sensor to the system. We ensure such prox-
imity by positioning diamond nanobeams (21)
that contain individually addressable NV centers
onto the YIG surface (Fig. 1, D and E). We use a
scanning confocal microscope to optically lo-
cate the NV centers and address their spin state
(22, 23). A photoluminescence image (Fig. 1D)
provides an overview of the system, showing an
NV center (NV1) in a nanobeam that is located
within a few micrometers from the gold and
platinum striplines used to excite magnons in
the YIG.
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Fig. 1. Local control and measurement of the magnon chemical potential. (A) Sketch of an NV spin
locally probing the magnetic fields generated by magnons in a 20-nm-thick YIG film grown on a
Gd3Ga5O 12 (GGG) substrate. (B) Sketch of the magnon dispersion and the magnon density, which
falls off as 1/energy (1/E), as indicated by the fading colors, at zero chemical potential. (C) Driving at the
FMR increases the magnon chemical potential. The NV probes the magnon density at the NV ESR
frequencies wT. (D) Photoluminescence image showing a diamond nanobeam containing individually
addressable NV sensor spins positioned on top of the YIG film. A 600-nm-thick Au stripline (false-
colored yellow) provides MW control of the magnon chemical potential and the NV spin states. A
10-nm-thick Pt stripline (false-colored gray) provides spin injection through the spin Hall effect.
(E) Scanning electron microscope image of representative diamond nanobeams.
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Measuring chemical potential and extracting ⌘

NV relaxometry
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Fig. 3. Magnon chemical potential (μ) under ferromagnetic resonance (FMR) excitation. (A) 

NV1 relaxation rate Γି  as a function of the on-chip power ܤେଶ  of a magnetic drive field applied at 

the FMR frequency, for different values of Bext. The grey curve is the fit from Fig. 2A. Top: 

measurement sequence. (B) μ as a function of ܤେଶ  and Bext. μ saturates at the minimum of the 

magnon band set by the FMR frequency. (C) Field dependence of the saturated value of the 

chemical potential μsat calculated from averaging μ in the region 0.05 mT2< େଶܤ  < 0.1 mTଶ (see 

B). The black curve is the FMR. The red (blue) points are measured using the NV1 ms=0↔-1 (NV2 

ms=0↔+1) transition respectively. Bext is oriented along the NV axis: at a θ = 65o angle with 
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Magnon BEC in thin films

Bender, Duine, and YT, PRL (2012) and PRB (2014)

• Inject energy and spin from the hot electron side

• Extract energy from the cold electron side

• Supposing the magnons equilibrate internally sufficiently fast, the oversaturated 
thermal cloud precipitates at a critical thermal bias

(Longitudinal) spin Seebeck effect

Uchida et al. (2010/2011)

V 
[P

V]

� spin-dependent  Seebeck effect!
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regime, in which the length scale of magnetization texture such as 
the domain-wall width is much larger than the scattering mean 
free path or Fermi wavelength, as appropriate for most transition 
metal ferromagnets. In spite of initial controversies, the importance 
of dissipation in the adiabatic regime51 is now generally appreci-
ated. In analogy to the Gilbert damping factor α, the dissipation 
under an applied current is governed by a material parameter 
βc that for itinerant magnetic materials is of the same order as α 
(ref. 51; for a review see ref. 52). In the presence of electron–hole 
asymmetry at the Fermi energy, the adiabatic thermal spin trans-
fer torque10 is associated with a dissipative βT correction53,54, which 
has been explicitly calculated for GaMnAs (ref. 55). Non-adiabatic 
corrections to the thermal spin-transfer torque in fast-pitch ballis-
tic domain walls have been calculated by first-principles56. Laser-
induced domain-wall pinning might give clues for heat current 
effects on domain-wall motion57.

Spin waves can move domain walls, leading to domain-wall 
motion in the opposite direction to the spin-wave propagation58,59. 
Recently, this topic has been addressed in the modern context of 
heat-current-induced domain-wall motion in magnetic insulators 
that induces motion to the hotter edge of the wire60–63.

Spin Seebeck effect. The spin Seebeck effect is the transverse elec-
tromotive force in a paramagnetic contact to a ferromagnet by a 
temperature bias, as illustrated in Fig. 3d and e for the two princi-
pal sample geometries. This effect is interpreted in terms of a spin 
current injected into the normal metal by the ferromagnet64 that is 
transformed into an electric voltage by the inverse spin Hall effect 

(ISHE)65–67 (Fig. 3c). The ISHE is caused by the bending of electron 
orbits of up and down spins into opposite directions normal to their 
group velocity, owing to the spin–orbit interaction. It generates a 
relatively large voltage for heavy metals such as Pt while being virtu-
ally absent for Cu, and it has the advantage of scaling linearly with 
the wire length (for details see Jungwirth et al. in this issue68).

The spin Seebeck effect was discovered first in permalloy64, and 
later in electrically insulating yttrium iron garnet (YIG)69, ferro-
magnetic semiconductors (GaMnAs)70 and Heusler alloys71, with 
very similar phenomenology. Its physics is completely different 
from the spin-dependent Seebeck effect discussed above, because 
the conduction electron contribution is negligible72 (see, however, 
ref. 73). This became obvious only after the observation of the spin 
Seebeck effect generated by an insulating ferromagnet69 (Fig. 3f,g). 
The spin current is the result of a thermal non-equilibrium at the 
interface between the ferromagnet and the normal conductor, as 
explained in the following in terms of an imbalance of the ther-
mally excited spin currents over the interface by spin pumping74  
and spin torques47.

Consider first a ferromagnet at thermal equilibrium with an 
attached normal metal contact (Fig. 4a). When the ferromagnet is 
thermally excited, by its time dependence the magnetization m(t) 
‘pumps’ a net spin current into the normal metal74

 Js (t) m(t) dm(t)
dt× = ħgr

4π
pump

 
 (3)

where gr is the real part of the (dimensionless) spin-mixing 
conductance of the FM|NM interface. On the other hand, 
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FIG. 1: YIG/Pt nanowire magneto-resistance and microwave signal generation. a Sketch of the YIG/Pt nanowire
STO illustrating the flow of spin Hall and spin Seebeck currents perpendicular to the YIG/Pt interface. b Magnetoresistance
of the YIG/Pt nanowire measured at low (Idc = 0.15mA) and high (Idc = 2.75mA) direct current bias for a magnetic field
applied in the sample plane at � = 90� to the wire axis. c Spin Seebeck voltage VSSE induced in the nanowire by a large
microwave current (microwave power Prf = 2 dBm) as a function of magnetic field. d Microwave power generated by the
nanowire at 3.2GHz as a function of magnetic field and direct current bias.

� = 70�. In contrast to conventional measurements of
the microwave power emitted by STO as a function of
frequency at fixed H [16], we measure the emitted power
at a fixed frequency (3.2GHz in Fig. 1d) as a function of
H. As discussed in the Supplementary Information, this
novel STO characterization method greatly improves the
signal-to-noise ratio in comparison to the conventional
method and allows us to measure low power microwave
signals generated by nanomagnetic devices.

In order to gauge the relative contributions of the spin
Hall and spin Seebeck currents to the excitation of the
auto-oscillatory dynamics, we make measurements of the
critical current for the onset of the auto-oscillations as a

function of the in-plane magnetic field direction �. In-
plane rotation of the YIG magnetization changes its di-
rection with respect to the polarization of spin Hall cur-
rent, which leads to a 1/ sin� dependence of the critical
current when the spin Hall current is acting alone [6]. In
contrast, the spin Seebeck current polarization is always
parallel to the direction of the YIG magnetization. Thus,
the critical current due to the spin Seebeck current cou-
pled to magnetic precession is expected to be only weakly
dependent on � as long as the auto-oscillation frequency
is fixed [25] as in our measurements.

Figure 2 shows the angular dependence of the critical
current measured for our YIG/Pt nanowire in the range
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FIG. 2: Angular dependence of the critical current.

Critical current for the onset of auto-oscillations as a func-
tion of in-plane magnetic field direction �. The line shows
the expected behavior due to only a spin Hall current in the
absence of a spin Seebeck current.

of � from 15� to 75�. For � near 0� and 90�, the mi-
crowave power generated by the device is too small to
be measured by our technique due to the weak angular
dependence of MR near these angles. The measured an-
gular dependence of the critical current is much weaker
than the 1/ sin� dependence expected from the spin Hall
current [6, 16] suggesting a significant contribution to an-
tidamping from the spin Seebeck current.

Current-driven auto-oscillations of magnetization were
recently observed in microdisks of YIG/Pt bilayers at
room temperature [6]. In these structures, the tempera-
ture gradient across the YIG film at the critical current
(⇡ 0.033K/nm) was much weaker than in our devices
(⇡ 0.26K/nm). This is because the nanowire geom-
etry in our device strongly enhances heat confinement
within the Pt layer (see Supplementary Information).
The measured angular dependence of the critical cur-
rent in YIG/Pt microdisks closely followed the 1/ sin�
dependence [6] indicating that the auto-oscillations of
the YIG magnetization in these samples with small rT

were driven purely by spin Hall torque. Comparison of
these results to the data in Fig. 2 lends further support
to a large �-independent spin Seebeck antidamping in
our YIG/Pt nanowire STOs. While quantitative fitting
of the data in Fig. 2 is di�cult because the temperature
dependencies of the spin Hall and spin Seebeck currents
are not well understood, it is clear that auto-oscillations
of magnetization in our YIG/Pt nanowires can be driven
primarily by spin Seebeck current for a magnetic field

direction near the nanowire axis.
To gain further understanding of the mechanisms lead-

ing to the excitation of the auto-oscillations, we measure
the spectrum of spin wave eigenmodes of the nanowire
by spin-torque ferromagnetic resonance (ST-FMR)[29].
In this method, a rectified voltage Vdc generated by the
sample in response to the applied microwave current is
measured as a function of the drive frequency and ex-
ternal magnetic field. Resonances in Vdc are observed at
the frequency and field values corresponding to spin wave
eigenmodes of the system. To improve the sensitivity of
the method, we modulate the applied magnetic field and
measure dVdc

dH
[26]. In Fig. 3a, two spin wave eigenmodes

of the YIG nanowire are clearly seen in the ST-FMR
spectra measured at Idc. The nature of these eigenmodes
is revealed by comparison of the ST-FMR data to mi-
cromagnetic simulations of the mode spectra displayed
in Fig. 3b (see Supplementary Information). The spatial
profiles of the amplitudes of these modes, displayed in
Fig. 3b for � = 70�, show that the high frequency (HF)
mode is a standing spin wave with two nodes in the direc-
tion perpendicular to the wire axis. For the low frequency
(LF) mode, the amplitude maxima lie near the wire edges
[16]. The LF mode exhibits fine splitting (labeled as LF1

and LF2 in Fig. 3a), which arises from geometric confine-
ment of the mode along the wire length [16].
Figure 3c shows ST-FMR spectra of the wire mea-

sured as a function of the direct bias current at 3.2GHz
and � = 65�. At currents below the critical, the reso-
nance fields of the LF1 and LF2 modes exhibit a current-
induced shift. This shift has a quadratic component
arising from the reduction of the YIG magnetization by
ohmic heating and a linear component due to the spin
Hall current [27, 28]. At the critical current for the
onset of auto-oscillations (2.2mA), the LF1 mode reso-
nance field is equal to the field, at which auto-oscillations
of magnetization are observed for this measurement fre-
quency and direction of H. This demonstrates that the
observed auto-oscillatory dynamics arises from the LF1

mode.
Quantitative measurements of the spin wave mode

linewidth by ST-FMR in our samples present signifi-
cant di�culties as illustrated in Fig. 3d, which shows the
linewidth of the LF1 mode as a function of microwave
drive power Prf . The observed linewidth decrease with
increasing Prf cannot be explained by a nonlinear line-
shape distortion that is known to increase the linewidth
with increasing power [29]. However, it is consistent
with the antidamping action of the spin Seebeck current
arising from microwave-induced heating of the Pt layer.
Much lower values of the drive power needed for mea-
suring the intrinsic linewidth (i. e. free from both spin
Seebeck and nonlinear contributions) do not produce a
measurable ST-FMR signal due to the small MR of the
samples (Fig. 1b). Therefore, ST-FMR measurements of
the linewidth presented below are invasive. Nevertheless

Safranski, Barsukov, Wu, YT, Krivorotov et al., Nature Comm. (2017)

small precession angle, that is, a small stored energy in the YIG
oscillator31.

By repeating the same analysis as a function of H, we can
determine the bias field dependence of the auto-oscillations in
both microdiscs. The onset frequency and threshold current at
which auto-oscillations start are plotted in Fig. 4f,g, respectively.
The onset frequency in the 4- and 2-mm microdiscs is identical
and closely follows the dispersion relation of the main FMR mode
plotted as a continuous line. The small redshift towards lower
frequency, which increases with the applied field, is ascribed to

the Joule heating and Oersted field induced by Idc (the Kittel law
in Figs 2c and 4f is obtained at Idc¼ 0 mA). We also note that the
main FMR mode is the one which couples most efficiently to our
inductive electrical detection, because it is the most uniform.
Hence, we conclude that the detected auto-oscillations are due to
the destablization of this mode by SOT.

Discussion
To reach auto-oscillations, the additional damping term due to
SOT has to compensate the natural relaxation rate Gr in YIG.
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Figure 3 | Auto-oscillations as a function of the angle between the d.c. current and the bias field. (a) Sketch of the sample and measurement
configuration. The bias field H is oriented at an angle f with the d.c. current Idc in the Pt. The precession of the YIG magnetization induces voltages Vx in the
antenna and Vy across Pt, which are amplified and monitored by spectrum analysers. (b–d) Vx and Vy at H¼0.47 kOe for three different angles f in the
4-mm disc. (e) Dependence of the normalized signals in both circuits and (f), of the threshold current for auto-oscillations on f. In e,f dashed lines show
the expected angular dependences and error bars are estimated from the limited signal-to-background contrast of the inductive signals.
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small precession angle, that is, a small stored energy in the YIG
oscillator31.

By repeating the same analysis as a function of H, we can
determine the bias field dependence of the auto-oscillations in
both microdiscs. The onset frequency and threshold current at
which auto-oscillations start are plotted in Fig. 4f,g, respectively.
The onset frequency in the 4- and 2-mm microdiscs is identical
and closely follows the dispersion relation of the main FMR mode
plotted as a continuous line. The small redshift towards lower
frequency, which increases with the applied field, is ascribed to

the Joule heating and Oersted field induced by Idc (the Kittel law
in Figs 2c and 4f is obtained at Idc¼ 0 mA). We also note that the
main FMR mode is the one which couples most efficiently to our
inductive electrical detection, because it is the most uniform.
Hence, we conclude that the detected auto-oscillations are due to
the destablization of this mode by SOT.

Discussion
To reach auto-oscillations, the additional damping term due to
SOT has to compensate the natural relaxation rate Gr in YIG.
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Figure 3 | Auto-oscillations as a function of the angle between the d.c. current and the bias field. (a) Sketch of the sample and measurement
configuration. The bias field H is oriented at an angle f with the d.c. current Idc in the Pt. The precession of the YIG magnetization induces voltages Vx in the
antenna and Vy across Pt, which are amplified and monitored by spectrum analysers. (b–d) Vx and Vy at H¼0.47 kOe for three different angles f in the
4-mm disc. (e) Dependence of the normalized signals in both circuits and (f), of the threshold current for auto-oscillations on f. In e,f dashed lines show
the expected angular dependences and error bars are estimated from the limited signal-to-background contrast of the inductive signals.
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spin Hall pump: spin Seebeck pump:
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FIG. 1: YIG/Pt nanowire magneto-resistance and microwave signal generation. a Sketch of the YIG/Pt nanowire
STO illustrating the flow of spin Hall and spin Seebeck currents perpendicular to the YIG/Pt interface. b Magnetoresistance
of the YIG/Pt nanowire measured at low (Idc = 0.15mA) and high (Idc = 2.75mA) direct current bias for a magnetic field
applied in the sample plane at � = 90� to the wire axis. c Spin Seebeck voltage VSSE induced in the nanowire by a large
microwave current (microwave power Prf = 2 dBm) as a function of magnetic field. d Microwave power generated by the
nanowire at 3.2GHz as a function of magnetic field and direct current bias.

� = 70�. In contrast to conventional measurements of
the microwave power emitted by STO as a function of
frequency at fixed H [16], we measure the emitted power
at a fixed frequency (3.2GHz in Fig. 1d) as a function of
H. As discussed in the Supplementary Information, this
novel STO characterization method greatly improves the
signal-to-noise ratio in comparison to the conventional
method and allows us to measure low power microwave
signals generated by nanomagnetic devices.

In order to gauge the relative contributions of the spin
Hall and spin Seebeck currents to the excitation of the
auto-oscillatory dynamics, we make measurements of the
critical current for the onset of the auto-oscillations as a

function of the in-plane magnetic field direction �. In-
plane rotation of the YIG magnetization changes its di-
rection with respect to the polarization of spin Hall cur-
rent, which leads to a 1/ sin� dependence of the critical
current when the spin Hall current is acting alone [6]. In
contrast, the spin Seebeck current polarization is always
parallel to the direction of the YIG magnetization. Thus,
the critical current due to the spin Seebeck current cou-
pled to magnetic precession is expected to be only weakly
dependent on � as long as the auto-oscillation frequency
is fixed [25] as in our measurements.

Figure 2 shows the angular dependence of the critical
current measured for our YIG/Pt nanowire in the range
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FIG. 1: YIG/Pt nanowire magneto-resistance and microwave signal generation. a Sketch of the YIG/Pt nanowire
STO illustrating the flow of spin Hall and spin Seebeck currents perpendicular to the YIG/Pt interface. b Magnetoresistance
of the YIG/Pt nanowire measured at low (Idc = 0.15mA) and high (Idc = 2.75mA) direct current bias for a magnetic field
applied in the sample plane at � = 90� to the wire axis. c Spin Seebeck voltage VSSE induced in the nanowire by a large
microwave current (microwave power Prf = 2 dBm) as a function of magnetic field. d Microwave power generated by the
nanowire at 3.2GHz as a function of magnetic field and direct current bias.

� = 70�. In contrast to conventional measurements of
the microwave power emitted by STO as a function of
frequency at fixed H [16], we measure the emitted power
at a fixed frequency (3.2GHz in Fig. 1d) as a function of
H. As discussed in the Supplementary Information, this
novel STO characterization method greatly improves the
signal-to-noise ratio in comparison to the conventional
method and allows us to measure low power microwave
signals generated by nanomagnetic devices.
In order to gauge the relative contributions of the spin

Hall and spin Seebeck currents to the excitation of the
auto-oscillatory dynamics, we make measurements of the
critical current for the onset of the auto-oscillations as a

function of the in-plane magnetic field direction �. In-
plane rotation of the YIG magnetization changes its di-
rection with respect to the polarization of spin Hall cur-
rent, which leads to a 1/ sin� dependence of the critical
current when the spin Hall current is acting alone [6]. In
contrast, the spin Seebeck current polarization is always
parallel to the direction of the YIG magnetization. Thus,
the critical current due to the spin Seebeck current cou-
pled to magnetic precession is expected to be only weakly
dependent on � as long as the auto-oscillation frequency
is fixed [25] as in our measurements.
Figure 2 shows the angular dependence of the critical

current measured for our YIG/Pt nanowire in the range

Safranski, Barsukov, YT, Wu, Krivorotov et al., Nature Comm. (2017)
See also: Lauer, Hillebrands, Chumak et al., arXiv (2016) for a pulsed measurement



Spin counterflow carried by superfluid

Flebus, Bender, YT, and Duine, PRL (2016)



Thermal flows in conventional superfluids

js = �Ar'

'T

jx = ��(rV + &rT )

Ginzburg, JETP (1944)
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FIG. 2. (Color online) The exchange of two MFs bridged by a
topological region (dark green). The arrows indicate the local
directions of the magnetizations of ferromagnets. (a)-(g) MFs
interchange positions via a series of thermally-driven DW mo-
tions. (g)-(i) Uniform rotation of the magnetization between
MFs by 180� about the spin-orbit field direction transforms
the state (g) to the state (i). This is essentially monodomain
flipping, which can be done by standard techniques in spin-
tronics.

the nob-Abelian exchange statistics within the Majorana
subspace (see Fig. 2).

MF at a magnetic DW.—Consider a semiconducting
nanowire with Rashba SOC, which is deposited on an
s-wave superconductor and is proximity-coupled to ad-
jacent ferromagnets [2, 3]. See Fig. 1 for a schematic
design of a device. The superconducting quasiparti-
cle spectrum is obtained by solving the BdG equation
H

BdG (x) = E (x), where

H
BdG =

✓
�

~2
2m

@2x � µ+ i↵@x�2

◆
⌧3 +M ·�+�⌧1 (1)

acts on the spinor wavefunction  = (u", u#, v#,�v")
T.

Here, m, µ, and ↵ are the electron e↵ective mass,
the chemical potential, and the strength of SOC. The
proximity-induced exchange field M is perpendicular to
the spin-orbit field / ŷ. The proximity-induced super-
conducting order parameter � is gauge shifted to be real
and positive. Pauli-matrix vectors � and ⌧ act respec-
tively on the spin and the electron-hole subspaces of the
spinor  . The corresponding quasiparticle creation oper-
ator is �̂† =

R
dx

P
↵=",#[u↵(x) ̂†

↵(x)+ v↵(x) ̂↵(x)]. For
the uniform exchange field, the “topological gap” at zero
momentum is given by

Eg = |M|�

p
�2 + µ2. (2)

When the gap Eg is positive, |M| >
p
�2 + µ2, the wire

is in the topological phase, harboring a pair of MFs at its
ends [13, 14]. Otherwise, for the negative gap, the wire
is in the normal phase, without MFs.

A spatially-varying exchange field induces the topo-
logical phase transition along the wire where |M| crossesp
�2 + µ2 [14]. A DW in a ferromagnet adjacent to the

wire is a natural object to bring about such a position-
dependent field. We assume that the energy of the ferro-
magnet is given by

U [m(x)] =

Z
dx

⇥
A|@xm|

2
�Kxm

2
x +Kym

2
y

⇤
/2, (3)

where m(x) is the unit vector in the direction of local
magnetization. Here, A, Kx, and Ky are the positive
coe�cients characterizing the sti↵ness of the magnetiza-
tion, the easy-axis anisotropy along the wire, and the
hard-axis anisotropy in the spin-orbit field direction, re-
spectively [9]. Two ground states have uniform mag-
netization m ⌘ ±x̂. A DW is a topological soliton
solution minimizing the energy (3) with the boundary
condition m(x ! ±1) = ±x̂: its magnetization is
m(x) = tanh(x/�)x̂ + sech(x/�)ẑ where � =

p
A/Kx

is the DW width [9].
We sandwich the wire between two ferromagnets: one

with a DW and the other with a uniform magnetization,
as shown in Fig. 1. The proximity-induced exchange field
is described by

M(x) = M1 [tanh(x/�)x̂+ sech(x/�)ẑ] +M2x̂, (4)

which introduces a new length scale � to the Hamiltonian.
The presence of the DW causes spatial variance of the
gap:

Eg(x) =
q
M2

1 +M2
2 + 2M1M2 tanh(x/�)�

p
�2 + µ2.

(5)
For example, when M1 = M2 and 2M1 >

p
�2 + µ2,

there must be a pair of MFs in the wire: one at the
right end, x ! +1, and the other one at the DW, x0 =
� tanh�1[(�2 + µ2)/2M2

1 � 1]. The topological stability
of the DW protects the hosted MF from disturbances of
magnetization.

The technique to control a DW has been developed
over decades in spintronics [7], which is directly trans-
lated into the ability to manipulate MFs [15]. DWs are
conventionally driven by an external magnetic field [9] or
a spin-polarized electrical current (in an itinerant ferro-
magnet) [10]. These methods, however, a↵ect the elec-
trons in the wire by altering the Hamiltonian. Instead, we
propose to induce the motion of a DW by a temperature
gradient [11], which is not intrusive to the electrons (see
Fig. 1). The resultant velocity of the DW is proportional
to temperature gradient. Multiple DWs on the single
wire can be moved simultaneously, thereby providing the
ability to control a series of MFs. DWs can be created by
e.g., locally applying an external magnetic field opposite



Summary/outlook

• Interplay/interconversion between the incoherent (thermal magnons) and 
coherent (order-parameter precession) magnetic dynamics can produce rich 
dynamic phase diagrams for the spin-Hall and spin-Seebeck driven 
heterostructures

• Of particular interest are the (steady-state) condensate phases, which are 
capable of harboring the spin superfluidity

• Spin condensates and superfluids, which are engendered and fed by the 
thermoelectric means offer an intriguing starting point for designing novel low-
dissipation spintronic circuits that are based entirely on insulators

Thank you!


