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Spin Transport in High-Field Superconductors

Detlef Beckmann

High-field superconductors are characterized by a spin splitting of the density
of states, giving rise to spin transport phenomena. This includes
spin-polarized tunneling, spin-dependent thermoelectric effects, long-range
quasiparticle spin transport, and spin-dependent coupling of supercurrents
and quasiparticles. This review gives a brief overview of the theory
background, recent experimental progress in the field, and an outlook on
open problems and possible applications.

1. Introduction

The coupling of charge and spin transport in magnetic nanos-
tructures has given rise to the field of spintronics.[1–3] While
the field of spintronics has boomed after the discovery of gi-
ant magnetoresistance in magnetic metal multilayers, spin-
polarized tunneling has since been shown to produce larger
magnetoresistance and very efficient spin injection. Interestingly,
spin-polarized tunneling was first observed in superconductor-
ferromagnet junctions,[4] long before spintronics became fash-
ionable.
Conventional superconductors are characterized by the pair-

ing of time-reversed electrons into singlet Cooper pairs. There-
fore, magnetic perturbations tend to destroy superconductivity.
In hybrid structures, the competition of superconductivity and
magnetism leads to new phenomena such as an oscillatory pair
amplitude, intrinsic 𝜋 junctions, spin-polarized supercurrents,
and spin-polarized quasiparticle transport.[5–14]

In this review, we focus on superconductors with a spin
splitting of the density of states.[9,10,15,16] This regime is com-
monly achieved by using the Zeeman effect in thin films with
an in-plane magnetic field, where Meissner screening is negli-
gible, but can also be implemented using exchange coupling to
ferromagnets. The spin splitting of the density of states has been
used in the seminal Tedrow & Meservey experiment to reveal
spin-polarized tunneling.[4] More recently, spin transport in
high-field superconductors has been investigated. This regime is
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characterized by the coupling of spin and
heat transport, which leads to extremely
slow spin relaxation and large thermo-
electric effects. Both the theory back-
ground and experimental progress will
be reviewed, as well as future applica-
tion perspectives.

2. Theory Background

Quasiparticle excitations in
superconductors can be

characterized by their symmetry in particle-hole and spin space,
respectively. Accordingly, up to four different modes of nonequi-
librium can be identified. The nonequilibrium distributions
can be described either in terms of the quasiparticle picture,
or the quasiclassical Green’s function formalism. The latter is
best suited for the quantitative treatment of the dirty limit rele-
vant for experiments on thin films. Spin-degenerate nonequilib-
rium has been classified as a longitudinal (L) and transverse (T)
mode,[17] commonly referred to as energy and charge imbalance,
respectively. The two additional spin-dependent modes have
been defined initially for superconductors with spin-degenerate
spectrum.[18] The theory was later extended to include spin
splitting.[19–21] A description in terms of the quasiparticle picture
has been given in refs. [22–24]. We will stick to the nomenclature
of ref. [19] in this review, where the spin-dependent modes are la-
beled T3 and L3. The suffix 3 stands for spin quantization along
the z -axis, and we will restrict ourselves to a single quantiza-
tion axis here. For noncollinear spin alignment, additionalmodes
T1/L1/T2/L2 for the x and y axis must be included.[25]

Before we discuss the quantitative theory, we first illustrate the
four nonequilibriummodes in terms of the more intuitive quasi-
particle picture. Figure 1 shows the quasiparticle dispersion rela-
tion E(k) for a superconductor near the Fermi momentum kF, in-
cluding the Zeeman splitting. Quasiparticles for k < kF are hole-
like, while quasiparticles for k > kF are electron-like. In equilib-
rium (open circles), the occupation is given by the Fermi func-
tion for the base temperature T , and only the L mode is present.
The occupation of the electron- and hole-like states is equal. Spin
down has a larger occupation in the presence of a spin splitting
(Pauli paramagnetism). The nonequilibrium part of the L mode
(filled circles) corresponds to a change in occupation that depends
only on energy. In quasi-equilibrium, this can be expressed as
an effective temperature T∗ ≠ T . Note that an L-mode nonequi-
librium can change the spin density due to the spin splitting of
the bands (essentially a nonequilibrium Pauli paramagnetism).
The Tmode corresponds to an overall shift between the electron-
and hole-like states and is commonly called charge imbalance.
In quasi-equilibrium, it can be expressed as an effective shift of
the chemical potential of the quasiparticles relative to the Cooper
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Figure 1. Illustration of the four nonequilibriummodes in a spin-split superconductor near the Fermi momentum kF. Open symbols are the equilibrium
distribution, closed symbols are the nonequilibrium distribution. Green arrows indicate spin. The states for k < kF are hole-like (red), states for k > kF
are electron-like (blue). L: overall change in quasiparticle occupation. T: shift between electron- and hole-like states. T3: shift between the spin bands.
L3: opposite shift between electron- and hole-like states in the two spin bands.

pairs. The T3 mode is a redistribution between the spin bands,
while the L3 mode is an equal, but opposite, charge imbalance in
the two spin bands.
We will now switch to the language of the quasiclassical dirty-

limit theory. In equilibrium, the distribution function is given by
fL = n0, fT3 = fT = fL3 = 0, where n0 = tanh(E∕2kBT). n0 is related
to the conventional definition of the Fermi function f0 by n0 =
1 − 2f0. For a reservoir at electrochemical potential 𝜇 = −eV , the
distribution function is given by

fL = 1
2

(
n0 (E − 𝜇) + n0 (E + 𝜇)

)
fT = 1

2

(
n0 (E − 𝜇) − n0 (E + 𝜇)

) (1)

Since transport is driven only by deviations from equilibrium,
it is customary to subtract the equilibrium and transform fL →
fL − n0(E), and in the following fL will be only the nonequilib-
rium part. We will also restrict ourselves to the description of
the kinetic equations governing transport, and refer the reader
to specialized theory reviews[9,10] for the details of calculating the
various spectral coefficients appearing in the kinetic equations.
The four nonequilibrium distribution functions are linked to

four currents by

⎛⎜⎜⎜⎜⎜⎝

je

js

jc

jse

⎞⎟⎟⎟⎟⎟⎠
=

⎛⎜⎜⎜⎜⎜⎝

DL∇ DT3∇ jE∇𝜙 jEs∇𝜙

DT3∇ DL∇ jEs∇𝜙 jE∇𝜙

jE∇𝜙 jEs∇𝜙 DT∇ DL3∇

jEs∇𝜙 jE∇𝜙 DL3∇ DT∇

⎞⎟⎟⎟⎟⎟⎠

⎛⎜⎜⎜⎜⎜⎝

fL

fT3

fT

fL3

⎞⎟⎟⎟⎟⎟⎠
(2)

where the subscripts e, s, c, and se stand for energy, spin, charge,
and spin-energy, respectively. DL, DT3, DT, and DL3 are spectral
diffusion coefficients, jE and jEs are spin-symmetric and spin-
antisymmetric components of the spectral supercurrent, and∇𝜙
is the gradient of the order-parameter phase. The currents decay
according to

∇

⎛⎜⎜⎜⎜⎜⎝

je

js

jc

jse

⎞⎟⎟⎟⎟⎟⎠
=

⎛⎜⎜⎜⎜⎜⎝

0 0 0 0

0 ST3 0 0

0 0 RT RL3

0 0 RL3 RT + SL3

⎞⎟⎟⎟⎟⎟⎠

⎛⎜⎜⎜⎜⎜⎝

fL

fT3

fT

fL3

⎞⎟⎟⎟⎟⎟⎠
(3)

where ST3 and SL3 describe spin relaxation by magnetic-impurity
scattering or spin-orbit scattering, and RT and RL3 describe re-
laxation by coupling to the superconducting condensate. Equa-
tion (3) only contains elastic relaxation. In general, it has to be
extended by collision integrals for electron-electron and electron–
phonon scattering,[10,20,21] and we will discuss the role of inelastic
scattering below. For a spin-degenerate system without supercur-
rents, the coefficient matrices in Equations (2) and (3) are diag-
onal, and the four modes decouple.[18] In the presence of spin
splitting and supercurrent, all four modes are coupled.
The distribution functions enter the self-consistency equation

and therefore modify the superconducting pair potential Δ. The
L and T3 modes modify the magnitude of Δ, while the T and L3
modes modify the phase. In the original definition,[17] the labels
L (longitudinal) and T (transverse) referred to the effect on the
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Figure 2. Typical experimental setup for nonlocal conductance measurements.[27] Several tunnel junctions are attached to a superconducting wire. One
junction is used as an injector, a second junction is used as a detector. An in-plane magnetic field is used to induce a Zeeman splitting.

magnitude and phase of the order parameter. This meaning no
longer applies to the spin-dependent modes.
The nonequilibrium energy, spin, charge and spin-energy con-

tents can be expressed as

q = 1
2 ∫

(
N+fL + N−fT3

)
EdE (4)

𝜇 = −1
2 ∫

(
N+fT + N−fL3

)
dE (5)

𝜇s = −1
2 ∫

(
N+fT3 + N−fL

)
dE (6)

qs =
1
2 ∫

(
N+fL3 + N−fT

)
EdE (7)

where N+ = (N↑ + N↓)∕2 and N− = (N↑ − N↓)∕2 are the spin av-
erage and spin difference of the density of states of the super-
conductor. N↑ and N↓ are the density of states for spin up and
spin down normalized to the normal-state density of states at the
Fermi level, respectively. Note that N+ is an even function of en-
ergy, andN− is an odd function of energy. The spin accumulation
𝜇s has two contributions: N+fT3 is due to the spin dependence of
the distribution function. This is the spin accumulation present
in normal-metal spin valves described by the Valet–Fertmodel.[26]

N−fL is the spin accumulation due to the spin splitting of the den-
sity of states, i.e., the nonequilibrium Pauli paramagnetism. This
review is mainly concerned with the latter contribution.
A typical experimental scheme for detecting nonequilibrium

transport is shown in Figure 2. Nonequilibrium is driven by tun-
nel injection from a junction attached to a superconducting wire
in a T-shaped geometry, and a second junction is used as a detec-
tor. For a wire with cross-sectionA and normal-state resistivity 𝜌N
along the x -axis, and a junction with normal-state conductanceG
and spin polarization P attached at x = 0, the boundary condition
is given by

⎛⎜⎜⎜⎜⎜⎝

[
je
]

[
js
]

[
jc
]

[
jse
]

⎞⎟⎟⎟⎟⎟⎠
= 𝜅I

⎛⎜⎜⎜⎜⎜⎝

N+ N− PN− PN+

N− N+ PN+ PN−

PN− PN+ N+ N−

PN+ PN− N− N+

⎞⎟⎟⎟⎟⎟⎠

⎛⎜⎜⎜⎜⎜⎝

[
fL
]

[
fT3

]
[
fT
]

[
fL3
]

⎞⎟⎟⎟⎟⎟⎠
(8)

where
[
j
]
= j(x = 0+) − j(x = 0−) is the discontinuity of the cur-

rent in the superconducting wire left and right of the junction,
and

[
f
]
= f (x = 0) − f inj is the difference of the distribution func-

tion across the tunnel barrier.[28] The effective injection rate is
given by

𝜅I = G
𝜌N𝜉

A
(9)

where 𝜉 is the dirty-limit coherence length of the superconductor.
Figure 3 illustrates the nonequilibrium state in a supercon-

ducting wire calculated using the kinetic equations for a set of re-
alistic parameters for aluminum wires[29] in the regime of large
Zeeman splitting. Figure 3a shows the spin-resolved density of
statesN↑,↓ as a function of energy E normalized to the pair poten-
tial Δ. The density of states for the two spin projections is shifted
by the Zeeman energy. In the energy window of the Zeeman split-
ting, there is a small residual density of states of the opposite spin
induced by spin-orbit scattering (spin-flip scattering is neglected
here). Figure 3b shows the four distribution functions as a func-
tion of normalized energy. Themodes L and L3 are odd functions
of energy, while T and T3 are even functions of energy. Only the
spin-degenerate modes persist to high energy. Figure 3c shows
the dependence of the distribution functions on position x along
the wire. Since inelastic scattering is neglected in Equation (3), fL
decays linearly due to diffusion into the equilibrium reservoirs at
the ends of the wire. The other threemodes decay due to spin flip
scattering and conversion to supercurrent. Due to the slow decay,
fL is by far the largest mode, and the other three modes are scaled
up in Figure 3b,c for clarity. Figure 3d shows the four nonequi-
librium currents. je and jse are odd functions of energy, while js
and jc are even. js and jse are limited mainly to the energy window
of the Zeeman splitting. In particular, js is essentially identical in
magnitude to je, since in this energy window the density of states
and quasiparticle current is nearly fully spin polarized. The super-
conductor behaves essentially like a fully polarized ferromagnet.
Spin transport is coupled to heat transport, and is limited only by
inelastic relaxation.
The charge current through a junction follows from the third

row of the matrix in Equation (8) and is given by

I = G
2e ∫ P

(
N−

[
fL
]
+ N+

[
fT3

])
+ N+

[
fT
]
+ N−

[
fL3
]
dE (10)
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Figure 3. Illustration of the four nonequilibrium modes for a superconducting wire with Zeeman splitting (for parameters see ref. [29]). The dotted
lines indicate the Zeeman splitting. a) Spin-resolved density of states as a function of normalized energy E∕Δ. b) Distribution functions as a function
of normalized energy E∕Δ (T3, T, and L3 are scaled up for better visibility). c) Distribution functions as a function of normalized position x∕𝜉 along the
wire. d) Spectral currents as a function of normalized energy E∕Δ.

Experimentally, one usually employs a nonlocal conductance
setup, where an injector junction is biased with a voltage Vinj,
and the resulting current Idet in a nearby detector junction is ob-
served, as shown in Figure 2. A typical tunnel junction attached
to a superconducting wire has an injection rate 𝜅I ≪ 1, and for a
bias voltage |eVinj| ≳ Δ the injector distributions given by Equa-
tion (1) are much larger than the nonequilibrium distributions
in the superconductor. Then Equation (10) simplifies to

Iinj =
G
2e ∫

(
PN−f

inj
L + N+f

inj
T

)
dE (11)

The differential conductance ginj = dIinj∕dVinj is illustrated in
Figure 4a for the same simulation parameters as in Figure 3. Note
that Equation (11) can be easily rewritten to the more familiar
form with two separate spin currents and the conventional defi-
nition of the Fermi function.

For a detector junction held atV = 0, in turn, only the nonequi-
librium in the superconductor is relevant, and Equation (10) sim-
plifies to

Idet =
G
e

(
P𝜇s + 𝜇

)
(12)

The contributions of the four modes to the differential nonlocal
conductance gnl = dIdet∕dVinj are shown in Figure 4b. The Lmode
generates the largest signal, two broad peaks of opposite sign in
the bias window of the Zeeman splitting. This contribution is
proportional to the detector polarization (P = 0.1 in the exam-
ple), and invisible with a spin-degenerate detector. The T mode
(charge imbalance) generates a positive signal mostly at high
bias, while the spin-dependentmodes only generate small contri-
butions. Note that for injectionwith spin polarizationP ≠ 0 into a
spin-split superconductor, the conductance contributions do not
have a well-defined symmetry with respect to injector bias, sim-
ply because more quasiparticles are injected for one bias polarity
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Figure 4. Illustration of the local and nonlocal conductance contributions as a function of normalized injector bias voltage eVinj∕Δ. a) Contributions of
f injL and f injT to the injector differential conductance ginj. b) Contributions of the four nonequilibrium modes to the nonlocal differential conductance gnl.

than the other due to the N− term in Equation (11). For example,
the positive peak due to the L mode at negative bias is slightly
larger in magnitude than the negative peak at positive bias.
It is illustrative to note that the theory outlined in this sec-

tion also includes the normal state as a very simple limiting case.
In the normal state N+ = 1, N− = 0, RT = RL3 = 0, ST3 = SL3,
DL = DT, DL3 = DT3 = 0, and jE = jEs = 0. The four modes
propagate independently, and only the spin-dependent modes
relax. At the level of the quasiclassical description, the normal
state is particle-hole symmetric, and there are no thermoelectric
effects. Spin-polarized tunnel junctions still introduce a pairwise
coupling of charge and spin (spin-valve effect[26,30–33]), as well as
energy and spin-energy (thermal spin-valve effect[34]).

3. Experiments

3.1. Spin-Degenerate Systems

In this section, we give a brief overview of nonequilibrium in
superconductors with a spin-degenerate density of states. We
limit ourselves to systems with particle-hole symmetry (no spin
caloritronics[35]), and tunnel barriers (no proximity effect[36]).
Nonequilibrium in spin-degenerate superconductors has

been investigated in the 1970s and 80s,[37,38] mostly at tem-
peratures near the critical temperature Tc. In the most simple
case, energy (L mode) nonequilibrium can be characterized by
an enhanced effective temperature T∗, and leads to a suppres-
sion of superconductivity. Creating a non-thermal distribution
can also lead to an enhancement of superconductivity. This
can be accomplished, e.g., by microwave irradiation[39] or
extraction of high-energy quasiparticles through a superconduc-
tor/insulator/superconductor (SIS) tunnel junction with differ-
ent gaps.[40] The latter technique can also be used to extract high-
energy electrons in normal-metal/insulator/superconductor
(NIS) junctions, which is utilized in microrefrigerators.[41–44]

Charge imbalance (T mode) has been investigated initially in
trilayer structures using a voltage probe to measure the chemi-
cal potential shift 𝜇.[45] Near Tc, relaxation is dominated by in-

elastic electron–phonon processes,[17,46] and the relaxation times
were generally found to be consistent with theoretical expec-
tations, except for aluminum, where the relaxation was faster
than expected.[47] Charge and energy mode nonequilibrium has
been investigated more recently also at temperatures much be-
low Tc.

[48–51]

In spin-degenerate systems, the L and T modes can be cou-
pled by a supercurrent (the term jE∇𝜙 in Equation 2).[17,52,53] In
quasi-equilibrium, this can be written as a charge-imbalance volt-
age generated by a temperature gradient, and can therefore be in-
terpreted as a supercurrent-driven thermoelectric effect, despite
the fact that the system is particle-hole symmetric to begin with.
Thermal nonequilibrium across an SIS junction can also lead to
spontaneous breaking of particle-hole symmetry with associated
thermoelectric effects,[54,55] and heat transport in SIS junctions
can be modulated by a Josephson current.[56] Complementary to
driving quasiparticles with supercurrents, nonequilibrium can
also be used to stimulate supercurrent flow.[57,58]

Spin accumulation in superconductors with a spin-degenerate
spectrum is given by the T3 mode. This has been investi-
gated in spin-valve experiments using trilayer structures[59,60] and
wires.[61] The T3 mode also enters the self-consistency equation,
and leads to a reduction of the pair potential. This has been ob-
served in superconducting current-perpendicular-to-plane (CPP)
spin valves,[62] where a large enhancement of the spin relaxation
time in the superconducting state was inferred.

3.2. Spin-Split Superconductors

3.2.1. Tunneling

Tunneling into spin-split superconductors has been pioneered
by Tedrow &Meservey in the 1970s.[4,16,63] The material of choice
for these experiments is aluminum, due to its low spin-orbit
scattering rate, and the ease with which high-quality tunnel junc-
tions can be made. For tunnel injection from a normal metal,
the conductance is proportional to the total density of states, i.e.,
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Figure 5. Spin polarized tunneling.[4] Normalized differential conductance of an Al∕AlOx∕Ni tunnel junction at different magnetic fields. Reproduced
figure with permission.[4] Copyright 1971, American Physical Society.

the T-mode contribution in Figure 4a. This allows for a direct
determination of the spin splitting of the density of states.[63]

Figure 5 shows the first experiment on spin-polarized tunnel-
ing into spin-split superconductors.[4] At high magnetic fields,
the spin splitting of the density of states can be clearly resolved,
as well as the asymmetry induced by the L-mode contribution to
conductance seen in Figure 4a. The asymmetry is proportional
to the spin polarization P of the junction, and experiments of
this type have been used extensively to investigate spin-polarized
transport in magnetic tunnel junctions.[16] The spin-polarized
density of states can also lead to very large tunneling magnetore-
sistance (TMR), if one or two of the ferromagnets of the TMR
structure are replaced by a spin-split superconductor.[64,65]

It is obvious from Figure 5 that the combined effect of spin
polarization and spin splitting breaks particle-hole symmetry

in the junction. This implies the presence of thermoelectric
effects,[67,68] which is also obvious from Equation (11): the asym-
metric part of conductance is caused by fL, i.e., it can be driven
by a temperature difference across the junction. An experi-
mental observation of these thermoelectric effects is shown in
Figure 6.[66] The sample and experimental scheme are shown in
Figure 6a. A heater current Iheat was passed by a tunnel junc-
tion through a ferromagnetic wire, leading to Ohmic heating
without voltage-biasing the junction. The resulting thermoelec-
tric current Ith was then measured. The Seebeck coefficient in-
ferred from these experiments is shown as a function of applied
magnetic field (i.e., spin splitting) in Figure 6b. Surprisingly large
thermoelectric effects of the order of S ≈ 100 μVK−1 were ob-
served. This result can be understood by considering the energy
scales. In metals, according to the Mott relation,[69] the Seebeck

Figure 6. Thermoelectric effects in superconductor-ferromagnet tunnel junctions.[66] a) Sample and experimental setup. Ohmic heating is applied to
the ferromagnet, and the resulting thermoelectric current Ith is observed. b) Seebeck coefficient S as a function of the magnetic field B for different base
temperatures T0. Symbols are experimental data, lines are theory fits.
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Figure 7. Spin injection into a high-field superconductor.[27] a) Map of the normalized nonlocal conductance gnl∕GinjGdet as a function of injector bias
Vinj and in-plane magnetic field B of a nonlocal superconducting spin-valve. Lines indicate the energy window of the Zeeman splitting. b) Decay of the
nonlocal signal amplitude A as a function of contact distance d for different applied magnetic field B.

coefficient is proportional to the energy-dependence of conduc-
tivity, S ∝ d ln 𝜎∕dE. The characteristic scale is the Fermi energy
(a few eV), and thermoelectric effects are small even at room tem-
perature (a few μVK−1). In superconductors, the characteristic
scale is the gap (a few hundred 𝜇eV), and correspondingly, the
thermoelectric effects can be large, even at low temperature.
Thermoelectric effects have possible applications as local elec-

tron thermometers,[70] particle detectors[71,72] or coolers.[73] In the
experiments described above the spin splitting was introduced
by an applied magnetic field, which is convenient for proof-of-
principle demonstrations. For applications, however, a built-in
spin splitting would be much more useful. This can be achieved
by placing a thin superconducting film onto a ferromagnetic in-
sulator. This leads to an exchange splitting of the density of states
similar to the Zeeman effect. Several promisingmaterial systems
are known.[72,74] One of the most thoroughly investigated system
is the combination of aluminum with europium sulfide.[74–80]

The spin splitting is induced due to spin-dependent phase shifts
of electrons scattered back off the magnetic interface into the
superconductor.[81,82] Therefore, the effect is extremely sensitive
to interface quality. In particular, progress has been hampered by
the fact that a sizeable exchange splitting is often observed only
upon applying a small magnetic field, which probably polarizes
misaligned spins at the interface. Considerable effort has been
put into the materials science, and recently large spin splitting at
zero applied field has been reported in EuS/Al bilayers.[80,83] An
alternative material system may also be NbN/GdN,[84,85] which
combines a relatively high critical temperature above 10 K with
a very high degree of spin polarization.

3.2.2. Spin Injection

An early experiment of quasiparticle injection into spin-split su-
perconductors has been performed using phonon spectroscopy
in SIS junctions.[86] Here, the phonons emitted by recombina-

tion processes travel through the substrate and are detected in
a nearby galvanically isolated junction. The experiments have
revealed the effect of Zeeman splitting of the density of states
in the superconductor on the phonon spectrum. A theoretical
analysis[22,23] has elucidated the combined effect of spin-orbit
and electron–phonon scattering on recombination.
Spin injection into high-field superconductors has more

recently been studied in nonlocal spin valves[27,87] with ferro-
magnetic injector and detector junctions. An example is shown in
Figure 7a, where a map of the normalized nonlocal conductance
is shown as a function of injector bias and field. As explained
above, spin injection in high-field superconductors is dominated
by the spin splitting of the density of states, rather than the
spin-dependence of the distribution function. There is a large
bipolar signal, which is approximately odd in bias, as expected
for the L-mode contribution shown schematically in Figure 4b. A
small positive contribution even in bias due to charge imbalance
is barely visible at high bias and low field. The L-mode signal is
restricted mainly to the bias window corresponding to the Zee-
man splitting of the density of states, as indicated by the lines.
Figure 7b shows the decay of the signal as a function of contact
distance. The signal persists up to the largest distance in the
experiment, and the decay length obtained from an exponential
fit was in the range of 2−9 μm, depending on the magnetic field.
In the same sample, the decay length of the T3 mode due to spin
flip scattering in the normal state was found to be 370 nm. The
slow decay in the superconducting state reflects the fact that the
L mode can not relax by spin flips, but only by inelastic processes
or diffusion out of the wire. Since spin injection at high fields
results from the spin-dependent density of states in the super-
conductor, it can also be achievedwith a normal-metal injector.[88]

Spin injection and relaxation in high-field superconductors have
also been studied in the frequency domain.[89–91] The injection
efficiency at small fields can be enhanced by the proximity effect
with a ferromagnetic insulator.[79] Since high-field spin transport
is due to the L mode, it can also be stimulated by applying
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thermal rather than voltage bias to the injector junction,[92]

resulting in a nonlocal Seebeck effect. This observation illus-
trates the link between thermoelectric effects and high-field
spin transport.
Energy nonequilibrium and the associated spin accumulation

relax either by diffusion out of the wire, or inelastic scattering.
We would therefore like to discuss the role of inelastic scattering
neglected so far.
Coulomb scattering leads to a thermalization of quasiparticles

with each other, and eventually establishes a quasi-equilibrium
regime with an effective temperature T∗. In conjunction with
spin-flip scattering, Coulomb scattering can transfer high-energy
quasiparticles from the upper spin band to lower energy in the
lower spin band, and therefore, paradoxically, enhance spin ac-
cumulation. This has a distinct effect on the shape of the nonlo-
cal conductance curves, with a second peak appearing at a higher
bias above the energy range of the Zeeman splitting.[21,79]

Once thermalization is achieved, energy relaxation takes place
on the much longer electron–phonon scattering length 𝜆ep. 𝜆ep
in aluminum is expected to be a few hundred 𝜇m at millikelvin
temperatures even in the normal state.[43] An effective relaxation
length of ≈40 μm was extracted for thin aluminum wires in the
superconducting state.[51] Linking the experimentally observed
length scales to microscopic theory is, in general, an elaborate
task. The relaxation rates depend on the actual nonequilibrium
state, which may have a greatly increased effective temperature
compared to the base temperature of the experiment. In addition
to the electron system, the phonons in the wire, and possibly the
substrate, can be driven out of equilibrium as well.[93]

Inelastic scattering times have frequently been extracted from
nonequilibrium experiments on superconducting nanostruc-
tures, and are often expressed in terms of the scattering time 𝜏E
for electrons at the Fermi energy in the normal state just above
Tc. For aluminum, 𝜏E reported in the literature varies consider-
ably, and has usually been found to be smaller than the theo-
retical estimate 𝜏E = 52 ns.[94] Early experiments on charge im-
balance in trilayer structures near Tc were analyzed quite thor-
oughly using kinetic equations for quasiparticles including the
full electron–phonon collision integrals, and found 𝜏E = 12 ns.[47]

Later, 𝜏E ≈ 4 nswas found in nanowires,[95,96] and the discrepancy
was attributed to the enhancement of electron–electron scatter-
ing in disordered systems.[97,98] More recently, measurements on
nanowires at low temperature were analyzed using both quasi-
particle and linearized quasiclassical electron–phonon collision
integrals, and consistently found 𝜏E ≈ 12 ns.[50,99] Much smaller
values (𝜏E = 0.25 ns,[49] 𝜏E = 0.08 ns[87]) have sometimes been re-
ported based on an approximation for the charge relaxation time
near Tc.

[17]

For high-field spin transport, effective relaxation times of 2 −
30 ns have been reported,[87,88,90] using either static or frequency-
domain measurements. Often the results could also be modeled
quite accurately using the theory outlined in Section 2, neglect-
ing inelastic scattering entirely.[19,92,100] This may be attributed to
the fact that most of the spin injection takes place in the relatively
low energy range of the Zeeman splitting, and the experimental
structures investigated were shorter than the electron–phonon
relaxation length. Therefore, the observed decay length may not
reflect the intrinsic inelastic length scales. The effect of thermal-
ization by electron–electron scattering[21] could be seen clearly

in structures where the density of states was relatively sharply
peaked due to weak orbital de-pairing.[79]

In addition to the L mode discussed so far, the L3 mode is
also supposed to be present in spin–split superconductors, and
contributes to nonlocal conductance via the termN−[fL3] in Equa-
tion (10). As can be seen in Figures 4b and 3c, the contribution
to nonlocal conductance is expected to be small, and it has the
same symmetry as the contribution from the T mode. Also, the
decay length is similarly small. Therefore it is difficult to observe
directly in a nonlocal conductance experiment using a normal-
metal detector. To detect the L3 mode, energy filtering has been
employed experimentally be using the singularity in the density
of states of a superconducting detector electrode.[101]

As mentioned in Section 3.1, a supercurrent couples the L and
T modes in spin-degenerate systems. According to Equation (2),
spin splitting leads to a pairwise coupling of the L/T3 and T/L3
modes without supercurrent. The combined presence of a su-
percurrent and spin splitting leads to an additional coupling in-
volving the spin-dependent modes as well,[28] which has recently
been investigated experimentally.[100] In this experiment, the T
and L3 mode nonequilibrium generated by a gradient of the L
mode has been detected in the nonlocal conductance using a
normal-metal junction, and a clear signature of spin-dependent
coupling was found.

4. Outlook & Conclusion

The large spin-dependent thermoelectric effects in
superconductor-ferromagnet hybrid structures have consid-
erable application potential. The Seebeck effect[67,68] could be
used in highly sensitive local electron thermometers[70] or parti-
cle and radiation detectors.[71] Spin injection and thermoelectric
effects can be enhanced using the proximity effect with ferro-
magnetic insulators,[79,102] but real-world application prospects
are still subject to material optimization.[72,80] The Peltier effect
in FIS structures has not yet been demonstrated experimentally.
FIS Peltier coolers have been predicted to outperform NIS
coolers, but they are also particularly interesting because they
can also be used to cool the superconducting rather than the
normal-metal side of the junction simply by reversing bias.[73]

Measuring the local and nonlocal Peltier effect would also allow
a test of the generalized Onsager relations predicted for multi-
terminal superconductor-ferromagnet systems.[67] Spin-splitting
fields can also be useful to create superconducting diodes.[83,103]

For noncollinear alignment of magnetizations and/or fields,
additional transverse L and T modes appear,[25] which are sub-
ject to spin Hanle precession. The spin Hanle effect has been
observed qualitatively in a superconducting CPP spin valve,[62]

but a quantitative test of the full theory[25] is still missing. This
might help to clarify the role of magnetic-impurity versus spin-
orbit scattering for spin relaxation in superconductors.
The interaction of nonequilibrium quasiparticles and super-

currents can lead to new ways of spin manipulation. In a cross-
shaped geometry, e.g., a supercurrent can be used to generate and
spatially separate different modes of nonequilibrium.[104] The re-
verse effect is the stimulation of supercurrents by nonequilib-
rium quasiparticles. In Josephson junctions, large thermophases
are predicted to appear.[105] For noncollinear spin alignments, the
generation of long-range triplet supercurrents is possible,[106–109]
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which would add an additional tuning knob to the toolbox of su-
perconducting spintronics.
As explained above, electron–electron and electron–phonon

scattering have very distinct effects on the spin signals ob-
served in high-field superconductors. While electron–electron
scattering affects the bias dependence via thermalization,
electron–phonon scattering ultimately leads to relaxation. A
detailed analysis solving the kinetic equations with full collision
integrals included could therefore provide valuable insight into
electron–electron and electron–phonon scattering rates in dis-
ordered superconductors, a question that is still far from settled
quantitatively for aluminum.
To conclude, nonequilibrium transport in high-field supercon-

ductors is characterized by coupled propagation of four nonequi-
librium modes, defined according to their symmetry in particle-
hole and spin space. All four modes can be distinguished in
experiments, and most of the salient features have been estab-
lished both theoretically and experimentally. There are several
open questions to be explored by experiment, and work on the
application perspectives has only just begun.
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