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1 Supplementary Methods

1.1 Supplementary theory

The many-body approach to BCS superconductivity is to construct the equa-
tions of motion for the Green’s function g, supplemented by the equations of
motion for the anomalous part, which describes the superconducting corre-
lations [1, 2, 3, 4, 5].

In a disordered superconductor, in which the (impurity) scattering time
is shorter than any other timescale in the system, one can integrate over mo-
mentum space of the Eilenberger equation [6] and obtain the Usadel equation
[7], which describes the system in terms of a position and energy dependent
diffusion equation.

The out of equilibrium state of the system can be described within the
Keldysh formalism, in which the Green’s function (GF) can be written down
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where §%/4 is the retarded/advanced GF (related by ¢* = —73¢%73), and §X
the Keldysh component which takes into account the (out of equilibrium)
distribution function.

For the case of a superconductor in a spin-splitting field the Usadel equa-
tion for the GF g reads:

DV - (§V§) + [iEms —ih-om3— A = 3,5 =0 (2)

where D is the normal state diffusion coefficient, E the energy, h the
external magnetic field, o; and 7; the Pauli matrices in the spin and Nambu
(electron-hole) subspaces respectively ', A a matrix related to the (complex)
order parameter, and ¥ the self energy term.

In addition to the Usadel equation 2, one also needs to consider the
so-called normalizing condition > = I, where I is the unit matrix in the
Nambu-spin space.

This chapter provides a detailed overview of the theory of spin-dependent
transport phenomena in Zeeman-split superconductors introduced in [8], and
described in more detail in [9, 10], with a focus on the spin-energy mode,
first introduced in [11], and its experimental signatures. The scope of the
discussion is restricted to the aspects relevant to the experiment.

1.1.1 Spectral equations

In the case of a uniform superconductor (A = const), in the R subspace
(the 7 g™ block of equation 2) the gradient term vanishes from the Usadel
equation and one is left with:

[iErs —ih-om3—A—3%,9% =0 (3)

In the absence of gradients one can choose a gauge in which A is a real
number, so that A becomes A = A7y In the following the self-energy contri-
bution 3 describes the effects of spin relaxation through spin-flip and spin-
orbit mechanisms, as well the effects of orbital depairing. Within the first

Hormally speaking &; = Io o, and 7, = 0; D I where o; is the regular definition of the

00 — O 1 0 0 O
Pauli matrices. For example 7o = 0 8 8 BZ ,and o3 = 8 Bl (1) 8
0« 0 O 0 0 0 -1

For the ¢ matrices in the Usadel equation the direct product with the unity matrix is in
the Nambu space is implied.



Born approximation the self-energy contributions are:
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In the principle the self-energy should also contain terms describing the
electron-electron and electron-phonon interactions. However these terms
would be non-local in energy and would increase the complexity of the prob-
lem significantly.

If the out of equilibrium state is probed within a time shorter than
the effective electron-electron interaction time the effects of the pseudo-
thermalization (i.e. redistribution of the quasiparticles towards a Fermi-
Dirac-like distribution through particle collisions) will be small, and thus
this term can be dropped. Likewise, if there is a faster relaxation mecha-
nism than the quasiparticle recombination, which in this case is an absorbing
boundary condition at the (geometrical) end of the system, the effects of the
electron-phonon interaction can also be neglected. As a model without these
contributions successfully captures the main physical effects observed in the
experiment the omission of these terms is justified.

The normalization condition in the R subspace gives (§%)? = 1, which
allows for a parametrization in the form §® = Z?:o (g;{lﬁ + 9537'3)%-. The
components proportional to 71 are related to the anomalous part of the GF,
and the ones proportional to 73 are related to the regular part. Similarly the
components proportional to oy describe singlet correlations, while the ones
proportional to o;—{; 23} describe triplet correlations in z, y and z directions
respectively. For a BCS superconductor, at zero field, we have g&,) = \/ﬁ
and g&l = ﬁ, while the other ones are equal to zero. If the external
magnetic field is applied along the z direction only the o and o3 terms need
to be kept.

With the A and the ¥ as defined in eq. 4 the Usadel equation reduces to
a system of nonlinear coupled algebraic equations, in terms of four complex
numbers: go1, 931, gos and gs3. A numerical solution, obtained using a
variant of the Powell method [12], of the Usadel equation presented in terms
of the components of g%, calculated for the following parameters: H = 1T,
A =235ueV, H =1T, TO_éB = 6.5ueV, TS_OI = 13peV, TS_Fl = 0 (these are the
same values as for the rest of the theoretical figures in this document, unless
otherwise stated), is shown in figure 1.
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Supplementary Figure 1: A numerical solution of the Usadel equation shown
in terms of the real (blue lines) and imaginary (red lines) parts of ¢o 1, g3.1,

go3 and g3 3.

The spin-averaged density of states N, = M ig directly given by
N, = Re(go3), while the DOS spin-difference N_ = M is given by N_ =
Re(gs3) (see figure 1).

1.1.2 Kinetic equations

After solving the spectral equations, and obtaining g%, we can now turn
out attention to the the kinetic part of the problem, which determines the
out-of-equilibrium distribution function.

By utilizing the normalization condition, §* = 1, the Keldysh component
can be rewritten as g% = g& f — f g*, where f is the generalized distribution
function f = fr+ fTTg—{—Z?:l( frioi+ frioim3). Following the same reasoning
as before, if the external magnetic field is applied along the z direction, the
distribution function can be reduced to:

~

J=Jo+ fr73+ fr303 + fL303T3 (5)

In equilibrium only the f; component is nonzero: fp = tanh(%), which



is related to the particle distribution function in the following way fP(E) =
(1 - fu(E))/2. o

If we allow the distribution function to be position dependent f = f(z),
and substitute this into the Usadel equation (eq. 2), the gradient term will
be nonzero. In the Keldysh subspace the equation then reads VJ -8 = 0,
which is in fact a continuity equation for the current J = D§R*V§¥ with sink
terms given by S = [§,iFEm — ih - o3 — A — X]¥.

To compute physical observables,one needs to multiply J by an appropri-
ate matrix and take the trace:

Jap = %Tr [Ta00 ]

The energy current density is given by j, = 3070 (even in the electron-hole
as well as the spin subspaces), the charge current density by j. = }370 (odd
in the e-h subspace but even in the spin subspace), the spin current density
by js = }073 (e-h even, spin odd), and finally the spin-energy current is given
by jse = 3373 (odd in both subspaces). The total current is obtained by inte-
grating these current densities with respect to energy: J, = ffooo dEEj.(E),
Jeo = effooo dch(E)a Js = ffooo dE]s(E)a Jse = ffooo dEE]se<E)

If we go back to the energy resolved quantities and utilize the previously
laid out parametrization for g& and fX we can obtain? a simple system of
equations for the currents:

Je = DLV f1. + D13V fr3,
Js = DLV fr3 + D13V fi,
Je = D1V fr+ D13V fi3,
Jse = D1V frz + Dp3V fr

In the equation 6 Dy, 7 1373 are the energy dependent diffusion coefficients

(6)

2As en example the energy current j. = %Tr [j] is found to be
Je - 2 (14 lgosl +lgsal” — lgoal* — lgsn ") Vi +

% (93,39873 + 90,3933 — 93,1901 — go,lg§71) Vfrs. The prefactor in front of Vi, is
identified as Dy, and the one in front of V fr3 as Dr3. The same quantities will appear in
the expression for the spin current j,. Likewise in the j.-js. subspace.



given by the equation 7 and shown in figure 2.

D
Dy = 5(1+‘903| + 931> = lgoal* = |gsal?) .

Drs = ) (93 390,31 90,3933 — 93,1901 — 90719:’;,1) )
(7)
D

Dr = o (14 1gosl” + lgssl* + g0l + gs.al*) ,

D * * * *
D3 = 5 (93,39073 + 90,3933 + 93,1901 T 90719371)

For each of these currents the sink terms can be computed in exactly the
same way:

1 N
Sap = gTr [TaO'bS}
The continuity equation can then be restated as:

vje = O,

Vis = St3fT3,

Vje = Rt fr + Ry3fus,

Vjse = (Rt + Si3) fuz + Rusfr

The relaxation rates Ry and Ryps correspond to Andreev-like charge re-
laxation processes, while the St3 and Sp3 correspond to spin relaxation pro-
cesses. One can verify, by taking the appropriate traces and separating out

the terms proportional to each of the distribution function modes, that they
are as follows:

(8)

Ry =2ARe(go.1),
Rps = 2ARe(g31),
Sis = Rs[Re(gos)” — Re(gs3)” + B(Re(gs1)” — Re(go1)?)],
St3 = Rs [R (90, )2 - R€(93,3)2 - 5(—””(93,1) - Im(g(],l)Q)]

Rsr — Rso

9)

where Rs = Rso + Rsp = =— + — and [ =

TSO TSF
s
figure 2 also shows the relaxation rates, calculated for the same parameters
as figure 1.
At H = 0 all of the g3; components vanish and Dr3 and Dy3 do so too.

. Supplementary
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Supplementary Figure 2:  Top: the normalized (D = 1) energy depen-
dent diffusion coefficients D and D3 (left) as well as Dy and Dy3 (right).
Bottom: the charge (R and Rp3) and spin (Sps and Sts) relaxation rates,
normalized to 2A =1 and Rg = 1;

The expressions for the currents 6 are reduced to:

je = DLv.fLa
's =DV ;
]. LV fr3 (10)
jc - DvaT7
jse = DvaL?)

The transport of the spin dependent modes frs and fi3 is then decoupled
and the transport equations 10 recover the result from [11] (without the
supercurrent contribution), giving a more direct interpretation of the spin-
energy current as the spin resolved energy current.

1.1.3 Transport eigenmodes

The transport problem for the four out-of-equilibrium modes can be sepa-
rated into two independent subspaces: the first two equations from each of
the systems 6-9 are expressed only in terms of the f; and frs modes, while
the remaining two are dependent only on fr and fr3. In the following two

7



subsections the transport equations in these two subspaces will be addressed
separately.

The f;, and fr3 modes:
The f; — frs subspace of equation 6 can be rewritten as

()= (o ) () (1)

while the same subspace of equation 9 reads

VGQZ(&%Q (12)

Substituting the first one into the second yields

Dy Drs\ oo fr\ _ 0
(DT3 DL> v (fT3) N (STSfT3> (13)

With the ansatz (fL> = e**v, we have

Jr3
k*Dy, k2D
(k@DTg KDy —Spy) V=" (14)
which has a nontrivial solution only if the determinant of the matrix is
DS
zero. Solving for k yields two solutions k¥ = 0 and k3 = %, with the
Df, — Dig

. 1 -D
corresponding null-space vectors vy & <O and vy ( DTS).
L

The top panel of figure 3 shows the energy dependence of ks.

The first solution corresponds to V2f;, = 0 because of the absence of
any inelastic relaxation mechanism in the model. The effective relaxation
is taken into account through an absorbing boundary condition at the ends
of the wire (where large, well thermalized, metallic reservoirs are located).
Assuming that the quasiparticles are injected at = 0 and the reservoir is
located at x = L the solution can be expressed as:

0
<;;’3) = Bwl (L — .Z') + BQV2€7k2x + B;V26+k2m + (];L)

0
Once again, invoking the boundary condition (fL> = (];L), where
r=L

frs
fi = tanh(5”%), one finds By = —Bye 2"



Finally the full form of the solution is found to be:

(]ﬁg) =B (L 8 x) + Byvs (671621 — e+k2(m72L)) + (];g> (15)

The energy dependent coefficients B; and B are to be determined from
the boundary condition at the point of quasiparticle injection. This is dis-
cussed in detail in section 1.1.3.

At vanishing magnetic field the transport eigenmodes in the fi-frs sub-
space decouple as well. The second mode describes just the decay of the spin
mode, which then relaxes within the spin-flip length (Sp3 is nonzero even at
H = 0). The transport of the f;, mode is the same as in [13], only modified
by the energy dependent diffusion Dy,.

The fr and f13 modes:

By following the same procedure as in the previous section one can obtain
the transport eigenmodes in the fr — fr3 subspace. From the equations 6
and 8 we have:

( KDy — Ry k*Dig — Rug ) o (16)

k*Diz — Riz k*Dr — Ry — St

In the limit of vanishing spin relaxation (Sp3 = 0) two modes can be

. . Ry3 — Ry —1 Ri3+ Rr (1)

obtained with k3 = ———, v3 x and by = ———, v; X .
" Diy—Dp 1 ‘" D+ Dy 1

Taking into account the boundary condition, the following solution can

be obtained:

fus

If the spin relaxation rate is finite the form of the solution 17 remains the
same, however vs and v4 become energy dependent, while the expressions for
ks and k4 become slightly more complicated. The bottom panel of figure 3
shows the relaxation rates for both modes based on the calculation including
the spin-relaxation mechanism.

At energies close to the A the transport of the fr and fi3 modes is
closely coupled (because Dz # 0). However at higher energies Dy —
0 so the modes become decoupled. We can also see this by investigating
the components of the k3 and k4 modes in the basis of fr and fr3. The
decomposition of vs and vy is shown in figure 4; indeed at higher energies
the k3 mode becomes the charge mode, while the k4 becomes the spin-energy
mode.

(fT) — B3V3 (e—kgx _ e+k’3(1’—2L)) _|_ B4V4 (e—k’4x _ e+k4(x—2L)) (17)
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Supplementary Figure 3: The relaxation rates of the exponentially decaying
modes normalized by the spin-relaxation length Asp = /D70 in the fr, — fr3
(left) and fr — frs (right) subspaces. The labels are assigned to the traces
based on the high energy behavior, as shown in figure 4.

Unlike the previous two modes the fr and fr3 are not completely de-
coupled at H = 0 as the relaxation (equation 9) mixes the two even at all
magnetic fields.

Injector boundary conditions:

In the experiment that was performed the injector junction is an NIS tunnel
junction (Cu/AlsO3/Al). The current density through this junction is given
by equation 18:

je Ny Noo0 0\ (L
Js | _ L N- Ny O 0 Jrs (18)
jc 2 0 0 N—‘r N_ fT
Jue 0o 0o N N.J\F,

where R is the barrier resistance normalized by the ratio of the junc-
tion surface area and the cross section of the wire. f; = fi — fV is the
difference between the distribution function in the superconductor and in

10
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Supplementary Figure 4: The decomposition of the ks (left) and (k4) trans-
port eigenmodes in terms of fr (charge, blue line) and fr3 (spin-energy, red
line). The dashed black line indicates an equal mixture of the fr and frs
modes. Note that below E ~ 150ueV there are no quasiparticle states as
indicated by the DOS (shown on the right scale).

the normal metal (indicated by the superscript N). The tunneling matrix is
block-diagonal and again separates the problem into the fr — fr3 and fr— fi3
subspaces.

More generally, when using a ferromagnetic injector the off-diagonal blocks
of 18 are also nonzero and are proportional to the injector polarization P (cf.
equation 57 in [10]), allowing for the excitation of the spin-dependent modes
without Zeeman splitting. Here the we restrict the discussion only to the
case of a normal-metal injector junction.

When the superconductor is Zeeman split N_ # 0, and even if the spin
(frs) and spin-energy (fr3) modes are not present a finite spin and spin
energy current will flow through the barrier: j, = % fr and je = % fr.

This current through the tunnel barrier must be component-wise equal
to the current along the wire at x = 0; there are two components to this
current the one which flows to the left j, (and relaxes in the reservoir at x =
—Ly, < 0) and the one which flows to the right j_, (relaxes at x = Lr > 0).
For the sake of simplicity only the case of a symmetric wire (L, = Lgr = L)
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will be discussed here, under which |j._| = |j_| and allows one to consider
only the right-moving current with an effective barrier resistance 7 = 2R.

In the f; — fr3 subspace the current conservation is given by (from equa-
tions 18 and 13):

(on 50) 7 () 2 (3 ) () =2 (5 ) ()
Drs Dy frs) g 7 \N- Ny ) \frs),_, 7 \N- NyJ \[fr5
(19)

When a voltage is applied to the normal metal the distribution function is
shifted by the voltage f(E,V) = fo(E—V). Tunneling across the barrier will
imprint this distribution into the superconductor, resulting in quasiparticle
up to the energy F =~ eV, which can be parameterized by the four out of
equilibrium modes. The normal metal will be driven out of equilibrium by
this process, and kinetic equations should be solved for the nonequilibrium
state.

Because of the large thickness of the injector electrode compared to the
thickness of the Al wire the distribution function is assumed to be the Fermi-
Dirac one offset by the applied voltage - for one tunneled electron the distri-
bution function is modified by VyNydfy =1 = VseNgdfs (V is the volume
and N the density of states at the Fermi level, the subscript N /S refers to
the normal metal or the superconductor). As Vy > Vg the superconductor
is driven further out equilibrium, for a relatively small § fs one can safely
neglect the nonequilibrium state in the normal metal.

The right hand side of 19 depends solely on the distribution function of the
injection electrode; when a finite voltage is applied in the L/T parametriza-
tion the distribution function is f iV/T = (tanh i;‘}v =+ tanh Ek;ETV) /2.

By using the expression 15 the left hand side can be expressed in terms
of By and Bs,. By solving the linear system of equations, and making all the
necessary substitutions, at the end one finds that the distribution function
in the superconducting wire is given by:

fr(B,x) = xu(E, ) ff (E,V.T) + fL(E.T),
fr3(E,x) = XT3(E,93)f£V(E, V. T),

fr(E,z) = XT(E,x)f%V(E, V,T),

fua(E,x) = XLs(EJ)f:]rV(Ea V.T)

The x coefficients of equation 20, calculated for the same parameters as
in figure 1 and x = 0, are shown in figure 5.

If L;, # Lg the left and right moving currents are not the same, and a
set of B parameters (eqs 15 and 17) determines both of them. However, by
imposing the continuity of the distribution function at x = 0: f_(z =0) =

(20)

12
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Supplementary Figure 5: The y coefficients from equation 20 calculated for
the experimental parameters at H = 1T and z = 0. The top panel shows i,
and xr3 while the bottom one shows yr and xr3; in both panels the DOS
for both spins is shown on the right scale.

f=(x = 0), the B, can be expressed in terms of B_, and the problem is
effectively reduced to the symmetric case.

In the experiment the corresponding values are Ly ~ 6um, and Ly ~
4pm. For the sake of simplicity, the calculations have been performed with
LR = LL = 5um

1.1.4 Spin and charge accumulation
The currents introduced in section 1.1.2 have a corresponding charge (den-
sity), which is defined as
- 1 K
qab = gTI‘ [7—37—0,0-179 }

Compared to the definition of the currents there is an extra 73 matrix,
coming from the structure of the time derivative term in the Gor’kov equation

[1].
In terms of the components of the retarded Green’s function and the
generalized distribution function the accumulation of charge, spin, energy

13



and spin-energy is respectively given by:

= /_00 Tr [Q(E, x)K]dE = /00 [fTRe(go,g) + fL3Re(gg73)]dE,

[e.e] —00

o= [ lmosa(B a0 = [ [fraRelas) + fiRe(an)]dE

= A - (21)
€= / Tr [T3Q(E, a:)K]EdE = / [fLRe(gg,g) + ngRe(g&g)]EdE,
€. = /°° Tr [039(E, ZL’)K]EdE _ /°° [f1sRe(go3) + frRe(gs3)| EAE

The same result can be found using a more straight forward argument: in
the particle (or electron-like) definition of the distribution function, and the
semiconductor definition of the DOS, the density of spin up/down particles is
given by pr/, = NT/i(E)ff/i(E)a where N, is the density of states for each
of the spins and f? is the particle distribution function (i.e. in equilibrium
the Fermi-Dirac distribution). The total (energy-independent) density of
particles can be obtained by integrating this quantity p%‘;’l = ffooo dEpy) (E).
The total charge is then related to the number of particles present in the
system p' = p; 4+ p;. To obtain the charge imbalance one just needs to
subtract the number of particles in equilibrium pi% = [* N_(E)fo(E,T)dE
where fy is the Fermi-Dirac distribution. Likewise the total magnetization
can be determined as the difference between the number of spin up and spin
down quasiparticles. By using the expressions for the density of states V| 4 =
N;+N_ and the distribution function f;/, = (1— fr— fr£(fus+ frs))/2 and
by dropping the terms that yield zero under integration the same expressions
for p and pu, are obtained.

Finally, to determine the out-of-equilibrium component of the charge and
spin accumulation the equilibrium one must subtract the equilibrium one
(i.e. to replace fr with fr — fY in eq. 21):

pe= [ ABI(7E) - SENN + frsh-].
- ~ (22)
n = /; dFE [fT(E)NJr + ngN,]

[e.9]

The first equation, describing the spin accumulation, tells us that in the
presence of a spin-splitting field the energy mode (f7) results in a finite
magnetization. In equilibrium and at nonzero temperatures this is the effect
that results in a finite paramagnetic response of a superconductor [14]. The
second equation describes the charge imbalance of the system: the first term

14



describes the charge mode described by [15], while the second term describes
the charge accumulation associated with the spin-energy mode.

Supplementary figure 6 shows the magnetic field dependence of the spin
accumulation as well as the charge accumulation proportional to the f7 and
fr3 modes versus the injection voltage (the field dependence of A(H) is as
discussed in the section 1.1.5). The spin accumulation is dominantly due to
the induced f; mode and therefore grows with the magnetic field (as N_
becomes larger with increasing H), and again decays when A — 0 as the
field approaches the critical one.

As discussed in [16, 17], the orbital depairing induced by the magnetic
field facilitates the charge relaxation processes and therefore the fr mode is
suppressed by a finite magnetic field. However as the charge imbalance due to
the spin-energy mode py3 is a function of N_ it shows a qualitatively different
behavior: although the charge relaxation increases at a finite filed, so does the
span of energies at which N_ is nonzero. Combined these two contributions
result in a charge imbalance which is maximal at A—ppH < Vi,; < A—ppH
and doesn’t monotonically decrease with the magnetic filed, as can be seen
in figure 6.

1.1.5 The self-consistency relation

Within the Keldysh formalism the self-consistency for the pairing potential
A is given by

A [oP

160

where A is the BCS pairing potential, wp is the Debye frequency, and the trace
essentially ”separates out” the anomalous part of the Keldysh component.

This expression can be expanded in terms of the distribution functions
and the various components of the retarded GF:

Tr((r —im)g"(E)|dE

—wp

A=2 /wD dE [Im(go.) fr +Im(gs1) frs +i(Re(go1) fr + Re(gs 1) fus)]

2/ .,

(23)
The first term is nonzero even at equilibrium (with f;, = tanh(%)),
while the other three are nonzero only out of equilibrium. The last two
terms are related to the charge imbalance (given by the fr and f13) and add

a nonzero imaginary component to the A.
While it is true that at equilibrium one can always choose a gauge such
that A is strictly real, out of equilibrium this is not the case. As it was shown
in section 1.1.2, the quasiparticle charge current is relaxed through Andreev

15
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Supplementary Figure 6: A color-plot showing the spin accumulation (left
panel), the charge accumulation proportional associated with the fr (top
right) and fr3 (bottom right) modes as a function of the applied magnetic
field and the injection voltage.

processes, which means that the current is transferred from the quasiparticles
to the condensate, which implies the existence of a finite phase gradient along
the wire, which is precisely the meaning of the imaginary component of A in
equation 23.

In order to solve the whole problem self-consistently one must:

e Solve the spectral equations at each position using the local A(x);

e Solve the transport problem in terms of all of the out-of-equilibrium
modes (at each energy);

e Calculate the new A(x) using the self-consistency relation using the
obtained modes at each x;

e Repeat the previous steps until convergence is reached.

While doing so one cannot rely on the previously laid out analytical re-
sults: the transport solution can no longer be obtained by diagonalizing the
transport equations as the diffusion and relaxation terms are now position
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dependent, as A is a function of the position as well. Therefore the solution
needs to be obtained numerically from start to finish, including at the bound-
ary condition, which increases the complexity of the calculation drastically.
We can, however, calculate the A(z,V;,;) based on the analytical solution
(without any gradients in A) to estimate the magnitude of the effect in our
experimental situation. Supplementary figure 7 shows the absolute value, as
well as the argument of A at z = 0 (where one can naively expect the largest
deviation from the equilibrium values) - the maximum suppression turns out
to be in the order of &~ 10%, justifying the previous approach.

The self-consistency relation in equilibrium as function of the magnetic
field will be further discussed in the section describing the sample properties
(1.2 and 1.2.1).
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Supplementary Figure 7: The self-consistent calculation of A at the injection
sight (z = 0) as a function of the injection voltage at H = 0T (blue) and
H = 1T (red). The top panel shows the absolute value of the complex A,
while the bottom shows the argument. At H = 0 the argument is multiplied
by a factor of 10 for clarity - this signifies that the supercurrent induced in
the wire is lower at H = 0, as it should be for a slower charge relaxation.
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1.2 Supplementary experimental methods

The sample, shown in figure 8, consists of a L = 10um long, w = 200nm
wide superconducting Al wire. The total thickness of the wire, including the
natively grown oxide layer on the top of the wire, is d ~ 6nm. The wire
resistance at T = 4K is R ~ 85012 resulting in a resistance per square of
R =~ 17Q and the normal state diffusion coefficient of D =~ 11%. The
critical temperature of the wire is 7. ~ 1.7K (the increase of the critical
temperature compared to the bulk value of ~ 1.2K is related to the disorder
induced by the small film thickness and is consistent with previous findings
[18]), while the critical in plane magnetic field is H. ~ 2.7T. On both ends
the wire is terminated with large, well thermalized, metallic reservoirs.

On top of the wire there are several tunnel junctions (using the native
oxide as the tunnel barrier):

e The injector junction J;,; (cyan in 8) - an NIS junction used for creating
quasiparticle excitations in the wire by current injection. The normal
metal N is Cu (100nm thick), the surface area of the junction is S =
200nm x 200nm and the normal state resistance is R = 13k().

e The detector junctions Jy; o3 (red in 8) - SIS’ junctions, where the
counter electrode S’ is an d4 ~ 8nm thick layer of Al with a mono-
layer of Pt (dp; = 1A nominally) on top. The purpose, and the effects,
of the Pt layer are described in detail in 1.2.3. The surface area of these
junctions is S = 50nm x 200nm, while their normal state resistances,
as well as their distances from the injector junction are:

— Ji: R=31.2kQ2, L; = 250nm
- JQI R = 383kQ, L2 = 189/1Jm
— J3: R =29.5k), Ly = 3.53um
The basic idea of the experiment is the following: quasiparticles are in-

jected into the wire by applying a current through J;,;. As the diffusion time
L

€S

to the reservoirs 745 = ~ 20ns is much shorter than the quasiparticle-

quasiparticle recombination time 7,... &~ 400ns [19] the quasiparticles relax
only by diffusing to the end of the wire and thermalizing with the phonon
bath there. An externally applied magnetic field will cause pair-breaking
effects, and for an in-plane field the pair breaking energy is determined to
be a =~ 6.5 ”{i;/ (see figures 9 and 10). Consequently, all the way up to the
critical field « H? < pupH, which implies that the DOS of the superconductor
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will be Zeeman split, and allow us to create spin-polarized excitations by
biasing the injector junction such that A — ppH < Vj,; < A —ugH.

The out-of-equilibrium quasiparticles can then be probed by one of three
spin-sensitive spectroscopic detectors, positioned at different distances away
from the injection site. The spin relaxation mechanism in the wire is as-
sumed to be through spin-orbit scattering and the effective relaxation time
is estimated, based on [20], to 750 = 50ps, giving a spin relaxation length
of Lso ~ 240nm, which is comparable to the distance between J;,; and J;.
Thus our device, due to the spin sensitivity of the detector, allows for the
detection of a spin dependent distribution function at short distances from
the injection site.

All of the measurements presented in this chapter were performed in a
3He/*He dilution refrigerator at 7' = 90mK.

Supplementary Figure 8: An SEM micrograph of the sample, with a sim-
plified schematic of the principal measurement setup: J;,; (cyan) is current
biased, and the I(V)/G(V) curve of one of the detector junctions J 23
(red) is measured simultaneously.

The following sections will address the injection scheme (section 1.2.1) as
well as the workings of the detectors in detail (sections 1.2.2 and 1.2.3).

1.2.1 The NIS injector

In a superconductor quasiparticles can be excited by current (or voltage)
biasing an NIS junction, where the tunnel barrier allows for a finite voltage
drop across the junction and thus quasiparticles with energies up to the
voltage bias, £ =~ eV/, can be injected into the superconductor. Following
[21] the tunneling current through such a junction is given by:

1

N(E)[f*(E) = [N(E —eV)|dE (24)
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while the differential conductance is:

_onv) 1 IfN(E —eV)
G(V) = oV~ oRe N(E)TdE (25)
IfN(E —eV)

The quantity becomes the Dirac-delta function at T" = 0,

and at finite temperatures is a bell-like curve with a FWHM of ~ 3.5kgT.
Therefore the G(V) curve of the NIS junction depends only on the DOS
of the superconductor and the effective temperature in the normal metal
(and at a sufficiently low temperature the G(V') approaches the DOS of the
superconductor).

When a finite magnetic field is applied to a superconductor there are
several observable effects [22]. The first of which is the orbital (Abrikosov-
Gor’kov) depairing, from the induced screening supercurrent, which results
in a rounding of the DOS coherence peaks as well as a reduction of the spec-
troscopic gap below A. The strength of this effect is geometry dependent,
and for a thin film superconductor with an in-plane field the depairing pa-

De*d* ., . . : :
H* [21, 23], where d is the sample thickness and D

the normal state diffusion constant. The critical field, at zero temperature,
due to the orbital depairing is set by 2a(H) = A(H = 0), and at low fields
the A(H) curve is roughly linear: A(H) ~ Ag — 0.4a(H). If the sample
is thin « is quadratically suppressed which leads to an increased H.. The
second effect is the Zeeman splitting of the DOS, a result of the coupling of
the quasiparticle spin degree of freedom with the external field, which shifts
the spin up/down quasiparticle dos by F, = +ugH (the Landé factor is
g = 2) [24]. The Zeeman splitting can be observed only if the orbital smear-
ing of the DOS is sufficiently small and if the (critical) field is larger than
the temperature of the superconductor ugH > 3.5kgT. In the presence of
the spin-orbit coupling, which is the relevant spin relaxation mechanism for
this experiment, spin is only approximately a good quantum number, which
leads to the spin-mixing of the DOS, as shown in figure 4 and [25] - the
spin up DOS is nonzero even in the A — uygH < EF < A + ug. However
this is not directly observable with an NIS junction with a spin-independent
transmission.

Supplementary figure 9 shows the G(V') of the injector at H = 0T and at
H = 1T. Both of these traces show features beyond the simple equilibrium
model. In particular, at H = 0T (fig. 9, the blue trace) the coherence
peaks are sharper (higher and narrower) than what one should expect at
T = 90mK.

This can be understood in terms of the out-of-equilibrium suppression of
A: when a finite voltage is applied across the junction there is a nonzero

rameter 1s a =
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current flowing through it which, due to the relatively low resistance of the
junction R(J;,;) = 13k and the thin superconducting wire, induces an out
of equilibrium state in the wire, which could be taken into account through
the voltage dependent gap A = A(V},;). This suppression of A reduces the
range of injection voltages for which eVinj ~ A(Vj,;) and thus makes the
coherence peak sharper than at equilibrium.

At H = 1T (fig. 9, the red trace), there are two observable peaks, cor-
responding to the spin down and spin up component of the DOS. The spin
down peak, located at V' ~ 175uV is slightly sharper than the model, while
the main difference is in the spin up peak (located at V'~ 290uV) is signifi-
cantly less pronounced than the equilibrium model predicts.
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Supplementary Figure 9: The NIS G(V') curves at H = 0T (blue) and at
H = 1T (red). The gray traces are the G(V') traces up to H ~ 1.8T in steps
of AH ~ 0.4T. The dashed blue and red traces are the simulated G(V)
curves for a BCS DOS at T' = 90mK and an Abrikosov-Gor’kov DOS at
H =1T and a = 6.51eV and the same temperature.

Supplementary figure 10 shows the G(V') of the injection junction .J,;
as a function of the magnetic field as a color-plot, as well as a numerical
simulation of the same using the equilibrium A(H) dependence (based on
23) for comparison.

As a result of the nonequilibrium effects some of the sample properties,
in particular the Abrikosov-Gor’kov depairing energy «, cannot be deter-
mined from a straightforward fit. The depairing rate was determined to be
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oy = 6.5“Te—;/ by using the both the tunneling spectra of the injector junction
as well as the detectors which also, albeit indirectly, probe the DOS with-
out significant out-of-equilibrium effects. This value was also used for the
theoretical calculation shown in figure 10.

As the AG energy is lower than the Zeeman energy o(H) = agH? < upH
all the way up to the critical field, at finite fields the DOS will be well Zeeman
split, as shown in the same figure.
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Supplementary Figure 10: A color-map of the NIS G(V') curves as a function
of the magnetic field, from the experiment (left), and from the theory using
the equilibrium self-consistent A(H) (blue curve).

1.2.2 The SIS’ detector

The current across an SIS’ has two main contributions: the Josephson su-
percurrent and the quasiparticle tunneling current. In this chapter we will
discuss how the tunneling current can be used as a spectroscopic probe of the
out of equilibrium state in a superconductor, as well as how the supercurrent
contribution can be suppressed.

The Josephson current:
The Josephson supercurrent trough an extended SIS junction, at a finite
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magnetic field, is given by [20]:

—d

I, = / " oz, H)sin(po + kz)de (26)

—d

2

where d is the junction width, and js(z, H) describes both the current density
profile along the axis orthogonal to the applied magnetic field as well as the
field dependence of A(H). The wavenumber k = 27 H (2 + dparrier)/Po (A
is the field penetration depth and ®; = 2 x 107'*Wb the magnetic flux
quantum), describes the total magnetic field flux trapped in the junction.

If the barrier is uniform, that is j. = const, the following result is ob-

tained: Is(p) = Jsk# sin(p). Then the critical current is always obtained

at o = 7 and it follows the usual Fraunhofer pattern - it is equal to zero
when the trapped flux is equal to one flux quantum.

If, on the other hand, the barrier is not spatially uniform and js(z) has
an odd component (r = 0 is the center of the junction), the supercurrent
can be expressed as Is(¢) = Asin(p) + Bcos(p), where the field depen-
dence is hidden in A(H) and B(H). The critical current then becomes
I. = \JA(H)?+ B(H)?. Because these two coefficients are not simulta-
neously equal to zero the critical current cannot be fully suppressed by an
application of the magnetic field. However the minimum of I.. is still obtained
close to the field at which there is one flux quantum in the junction.

Experimentally the critical current can be accessed directly by measuring

I
the V(1) or by measuring the differential conductance G(V') = g—v at V = 0.

Additionally, there can be an excess supercurrent contribution at a finite
voltage V| if the the Josephson frequency matches a resonant frequency in
the device 2eV = hf, which for the device in question happens at V' ~ 256V
(f =~ 124GHz) - see the inset of figure 11.

Supplementary figure 11 shows the normalized differential conductance at
zero voltage bias of detector J;. As expected from the geometry (djunction =
200nm, 2\ +dpgrrier & 10nm) the Josephson critical current is minimal around
H = 1T, and by measuring at (or close to) this magnetic field allows us to
probe only the quasiparticle current contribution (as described in the section
1.2.2). The curve does not exactly follow the shape of a (smeared out)
cardinal sine function, which is primarily because of the A(H) and Ap(H)
dependencies which are not taken into account.

The residual Josephson contribution to the G(V') curve at H = 1T, can
be modeled as a Gaussian peak and subtracted from the trace, as is shown
in figure 16.
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Supplementary Figure 11: The magnetic field dependence of the zero bias
Josephson peak (G(V = 0) - blue curve) as well as the first Josephson res-
onance (5.5G(V =~ 256uV) - red curve) for the detector J;. The red trace
stops at H = 1T as slightly above this field the spectral gap closes below
the threshold A + Ap = 256ueV. The black dashed curve shows the Fraun-
hofer pattern normalized by the I. at H = 0. The inset shows the G(V)
curve at zero magnetic field with the Josephson peak, as well as the first two
resonances labeled.

The quasiparticle tunneling current:
The tunneling current through an SIS junction is (see [21]):

1
_GRN

where Ry is the junction resistance, N and Np are the DOS functions for
the probed superconductor and the detector electrode respectively, while f?
and f7, are the distribution functions in the particle picture.

By applying a voltage eV = A + Ap to the detector junction the the
(electron side) gap edge of the detector is brought down to the gap edge of
the superconductor at £ = —A. As the density of states of the detector
is Np(E > 2Ap) ~ 1 and the distribution function fP(E > 2Ap) = 0
the electron side of the superconductor is probed by a flat DOS with no
excitations present. The tunneling on the hole side is blocked by the spectral
gap of the detector down to F = A — 2Ap. Therefore the total current
will be directly proportional to the number of electron-like excitations in the
probed superconductor. Likewise if a negative voltage of the same magnitude
is applied the number of hole-like excitations is measured by the tunneling
current.

I(V) /_OO Np(E + eV)N(E)[fP(E) — fH(E +eV)|dE (27)
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Measuring the G(V') curves can provide spectroscopic information about
the quasiparticle population. If the detector is at equilibrium and at a suf-
ficiently low temperature it will host a vanishingly small number of quasi-

ol
particles and therefore the term in the G(V') = Fia proportional to Np(F +

ev)ﬁfg(E +eV)

3.5kpT < A). The other, nonzero, term is

< 1 can be neglected ( is nonzero only in a window of

p P GND(E—i—eV)
eRN/ N(E)E) = fp(E+ eV)|——57——dE

At sub-gap voltages (eV < A + Ap) and in the relevant energy range
(|[E| > A, where N(E) > 0), f? can be replaced with fP(E,T = 0) (i.e.
no quasiparticles are present in the detector which could contribute to the
tunneling process), and so the term in the square brackets becomes 0 f(E) =
fP(E) — fR(E+eV) = fP(E) — fP(E,T = 0), which just accounts for the
(out-of-equilibrium) excitations in the superconductor. Finally the relevant
expression for the differential conductance becomes:

1 OOaND(E+€V)
— ———N(F E)dE
e | ey NES(E)

ONp(E+eV)
0

G(V) = (28)

The derivative is very sharply peaked at £ ~ Ap, and from
this it is clear that the G(eV = E—Ap) o< N(E)d f(E) probes the number of
excitations at energy E. This property allows for the use of an SIS junction
as a spectroscopic detector of out-of-equilibrium quasiparticles.

A graphical representation showing all of this is given in figure 12, showing
the DOS of the probed superconductor, an equilibrium distribution function,
an out-of-equilibrium distribution function (only the f; mode is nonzero), the
DOS of the detector as well as it’s derivative. Supplementary figure 13 shows
the corresponding (V) and G(V) curves, along with a comparison with
N(E)f(E). Although only the electron side of the spectrum is shown in figure
13 the situation is the same on the hole side: §f(F) in equation 28 amounts
to, at a sufficiently low detector temperature, 6 f = 1— f for £ < 0. Thus the
hole-like excitation density is again probed by aNDa# Additionally, as in
our device the gap in the detector is smaller than the gap in the bar, Ap < A,
for a positive/negative detector voltage the detector hole/electron coherence
peak is within the gap of the superconductor, the detector G(£|V|) curve
probes only the density of electron/hole like excitations at £ = +(e|V| +
Ap). Therefore an even number of hole-like and electron-like excitations will
present itself as a detector G(V') even in V', while a charge imbalance (i.e. a
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dissimilar number of electrons and holes) will give rise to an odd component
of the detector G(V') spectrum.

By integrating the previous expression for the G(V') one again finds that
the I(V') measures the number total number of quasiparticles.

The whole discussion holds true in the spin-split case, the only difference
is that the different spin channels have to be considered separately and their
contributions should be then added, as the spin is conserved by tunneling.
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Supplementary Figure 12: Top: the superconductor DOS N (FE) (purple), the
detector DOS Np(FE) (black dashed), the equilibrium Fermi-Dirac distribu-
tion function (blue) and a nonequilibrium one (red, only fr # 0). Middle:
The density of states as above and the nonequilibrium quasiparticle density
N(E)Jf(F). Bottom: The DOS of the detector (black dashed, right scale),
as well as its derivative at Vg, = 0uV (black), Vg, = 30uV (blue) and
Vier = 60uV (red). The two distribution functions shown in the top panel
are also used used for the traces in figure 13.
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Supplementary Figure 13: Left: the I(V) curve for the equilibrium and
non-equilibrium distribution functions shown in figure 12. Right: the corre-
sponding G (V') curves and a comparison with N(F)f(FE).
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1.2.3 The spin sensitive SIS’ detector

Contrary to an NIS junction, as shown by [25], the I[(V)/G(V) traces of
an SIS junction will not show the Zeeman splitting under a finite magnetic
field. This is because both superconductors become Zeeman split, and as
the tunneling process needs to be considered separately for the spin up and
spin down, this just amounts to having the same shift in the chemical po-
tential /Fermi energy +ugH on both sides of the junction. However, if the
detector side of the junction is not spin split (i.e. Ny ~ N|), which is the case
of the spin-mixing induced by spin-orbit interaction in the superconductor
[25], it leads to an observable Zeeman splitting in the G(V') curve. The top
panel of figure 14 shows the difference between the DOS of a superconductor
with a negligible spin-orbit interaction (Rso < A, blue traces) and with a
large spin-orbit interaction (Rso > A, red traces) at H = 1T. The bottom
panel of the same figure shows the normalized differential conductance of
an SIS junction made out of two superconductors with low SO interactions
(blue) and an SIS where the one has a low and the other a high spin-orbit
interaction.

A detector made out of a non-Zeeman-split superconductor can be used
as a spin sensitive detector: following the discussion in 1.2.2 the spin down
quasiparticles will be detected at a detector voltage of V| = A — upH — Ap,
while the spin up ones will be detected at V; = A+ upH — Ap.

Experimentally such a detector can be realized covering the Al detector
electrode, with a mono-layer of Pt [27]. Because of the high atomic number
of Pt it induces a strong spin-orbit effect in the detector and suppresses
the Zeeman splitting. To verify this a separate set of samples, fabricated in
roughly the same geometry as the final device, were made with high resistance
NIS junctions (R & 250k(2) to probe the equilibrium DOS. Supplementary
figure 15 shows the magnetic field dependence of the DOS, with and without
the Pt doping, verifying that the doped sample is not Zeeman split. Although
such a measurement is not a reliable way to determine the strength of the SO
interaction precisely, the key point is that there is a single gap edge, which
allows the junction to be a spin sensitive spectroscopic detector. The G (V)
curve of the SIS" at a finite magnetic field, showing the Zeeman splitting,
is shown in figure 16. For reference the same figure includes a trace from a
previous sample at the same field, where the detector electrode was Al only
and is therefor Zeeman split, and the G(V') traces do not show two separate
coherence peaks. The difference in the amplitude of the peaks is due to a
lower orbital depairing.
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Supplementary Figure 14: Top: The spin up and spin down DOS of a super-
conductor with Rgo < A (blue), and the same for Rso > A (red). Bottom:
If the GV curves of two SIS junctions - one couples two Zeeman split super-
conductors (blue), and the other one couples a Zeeman split superconductor
with a non-split one (red).
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Supplementary Figure 15: The tunneling differential conductance G(V)
color-map as a function of the magnetic field for an Al sample (left), and
an Al/Pt sample. The black lines are the G(V) traces at H = 2T.
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Supplementary Figure 16: The G(V') curve of J; at H = 1T which shows
the ”splitting” of the coherence peaks at |eVye| = |A + upH + Ap|, which
is explained in detail in the section 1.2.3. The small Josephson contribution,
close to V' = 0, can be modeled as a Gaussian peak and subtracted from the
data, as shown in the inset. The trace on the right scale is from a previous
device with a Zeeman-split detector, also at H = 1T.
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2 Supplementary Discussion

2.1 Measurement of the number of QP’s at high injec-
tion

In this chapter the validity of the claim that the quasiparticles relax solely
by the thermalization at the ends of the wire is verified. First a theoretical
argument is given and than the relevant measurements are presented.

A slight generalization of equations 13 and 16 reads:

D*(E)V?f(E) = Lu(f, E) (29)

where the D*(F) is the energy dependent diffusion matrix, f(FE) a vector
describing the different distribution modes, and I.,;(F) takes into account
all of the different relaxation and scattering mechanisms.

The charge and spin relaxation processes, as well as an effective electron-
electron interaction, conserve the number of quasiparticles. On the other
hand the electron-phonon interaction will decrease the QP population through
recombination. As a consequence at timescales shorter than the recombina-
tion time f;o Lou(f, E)dE = 0 vanishes for any distribution function f.

If most of the quasiparticles are injected at high energies (i.e. E > A),
where D* is diagonal and proportional to Dy (the normal state diffusion
coefficient), one can simplify equation 29 by integrating over energy and
disregarding the dependence at low energies, one gets:

DV%f =0 (30)

To obtain a physical solution from the previous equation one must impose
the proper boundary conditions, at the injector and at the ends of the wire.

As, at high energies, the number of quasiparticles is proportional only to
f as the density of states is constant, according to the equation 30 one should
expect a linear spatial dependence/decay of the number of quasiparticles.

As discussed in the section 1.2.2 the Ip(eVp = A+ Ap) probes the total
number of quasiparticles in the wire. A measurement of this quantity as a
function of the injection current is shown in figure 17, where the data has been
re-scaled by the junction resistance and normalized to a unit slope at high
injection for J;. The number of quasiparticles close to the injector (data from
the detector J;) has the following dependence on current: at low injection
currents there is a rapid growth of the quasiparticle population, followed by
a leveling off in the region I;,; = 10 — 50nA, after which there is again a
linear dependence with a smaller slope than at low injection. The number
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of quasiparticles measured by J, and J3 is smaller, in the beginning it has a
concave shape and above [;,,; = 50nA it also becomes linear. At high injection
currents, when the energy dependence of the diffusion coefficient doesn’t
play such a big role anymore, as well as when the electron-electron time is
finite (resulting in a pseudo-thermal distribution function), the number of
quasiparticles is linear with the injection current. The same holds true for
the other two detectors J, and J; (also in figure 17.
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Supplementary Figure 17: The number of quasiparticles measured by each
of the detectors at H = 0. The data is normalized such that the linear,
high injection, part of the J; trace have a unit slope. The black dashed
lines are linear extrapolations to zero. The dotted vertical line indicates
eVinj = 1.33A¢ and the dash-dot line indicates eV},; =~ 2A,.

In this high injection regime the relation becomes Ngp = k(z)1;y,;, where
only the slope of the curve depends on the position. If we take the slope
itself to be a measure of the number of quasiparticles present in the wire,
and plot it versus the position of the detector, we find that it extrapolates
to zero at the end of the wire (figure 18). Based on this we can safely argue
that the quasiparticles relax to the equilibrium state by thermalization and
recombination within the reservoirs at the end of the wire.
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Supplementary Figure 18: An SEM micrograph of the sample showing a
wider view, as well as an inlay showing the linear decay of the number of
quasiparticles as a function of space and it’s extrapolation to zero at the
reservoir.

2.2 Nonthermal QP distribution at H = 1T

Based on the theory, presented in section 1.1, and as argued in the main
text, quasiparticle injection from a normal-metal tunnel junction into a su-
perconductor results in a non-thermal distribution function, characterized
by a large number of quasiparticles at the gap, £ = A, with nonequilibrium
quasiparticles up to ' = eVj,;. This is shown at zero magnetic field in figure
3 of the main text: panel ¢ shows the experimental data, while panel d shows
the theoretical model. To highlight this step-like feature in the detector G(V)
trace the equilibrium G(V, I;;,; = 0) trace is subtracted from the data (see the
black trace in panel b), as the step height is small compared to the nontrivial
equilibrium trace (due to the Josephson effect). This allows the step to be
observed easily, but it also introduces some artefacts in the data - a purple
(no QPs present) region is also found at Ve &~ 120pneV almost regardless of
the injection current. This is precisely the voltage at which a peak appears in
the equilibrium G(V) trace (black line in panel b). As quasiparticles are in-
jected the gap, A, of the superconductor is reduced, modifying the Josephson
coupling, which both reduces the height and slightly moves this background
peak.
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To show that this nonthermal distribution function persists at higher
fields a figure, similar to the one shown in panel c¢ of figure 4 in the main
text, is shown here with the NIS trace overlaid on top (see figure 19). At
this field (H = 1T) the Josephson current is almost completely suppressed,
resulting in a trivial background. Additionally, the depairing introduced by
the magnetic field smears out both the superconductor and the detector DOS,
resulting in a smaller QP peak at £ = A. Thus it is possible to directly see
the same two regions, with QPs below E = eV},; (increased conductance -
light blue color), and no QPs above E = €eV},; (dark blue color), without
subtracting the equilibrium trace. The line separating the two regions is
again the NIS (V') curve (overlaid on top).
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Supplementary Figure 19: The G(V) trace of detector J; at H = 1T (color-
plot), with the injector I(V') curves overlaid on top (dashed white lines). One
can identify two regions: below E = eV,,,; with quasiparticles present (light
blue color) and above with no quasiparticles detected (dark blue color).

2.3 Pseudo-thermal QPs far away from the injector

The nonthermal distribution function observed with .J;, presented in the
main text at H = 0 and at H = 1T in 2.2, is in contrast with the behavior
observed at the other two detectors J, and Js3, shown in figure 20. At these
distances the peak at eV = A—Ap is still present but is much less prominent,
and at all injection currents which show an increased number of QPs they
cannot be confined to a finite energy /voltage range. This is more in line with
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a pseudo-thermal distribution function with a long (exponentially decaying)
tail, in which a cut-off energy is not well defined.

J2 J3

018 0.12}
0.16 | 01}
0.14 }
0.08 }
0.12 }
Z o1t Z 0.06¢
9 9
o 0.08 2 0.04 1
© ©
O 0.06f 0)
0.02 }
0.04 |
0.02 | or
0 1 -0.02}
-0.02
. . . -0.04 . .
50 100 150 200 50 100 150 200
V [pV] V [uV]

Supplementary Figure 20: The sub-gap G(V') curve of detector J (left) and
detector J3 (right) as a function of the injection current (H = 0T). The
injection currents are I;,; = OnA (black), I;,; ~ 13nA (blue), I;,; =~ 40nA
(green), I;n; = 120nA (red.

To show this in a clearer way we compare the number of quasiparticles
close to £ = A and the total, which is shown in figure 21 for all three
detectors. The two traces from J; are identically equal up to I;,; ~ 20nA,
which corresponds to Vj,; ~ 1.44A,, and separate after that. Even at the
highest injection shown in the figure more than 75% of the quasiparticles
remain in the vicinity of the gap edge. The J; and J3 traces, on the other
hand, show a large number of quasiparticles at higher energies, roughly 50%
of the total. Again this can be understood in terms of a pseudo-thermal
distribution function with a long tail.

37



140 T T T T T T T T

-—-J;-9ap
120 + J, - total
—-—-J,-9ap
100 ——J, - total 7
——-J;-gap g
& 80F ~J; - total
©
(0]
S 60
@©
£
2 40
20
0
_20 1 1 1 1 1 1

-40 -20 0 20 40 60 80 100 120
Injection [nA]

Supplementary Figure 21: The total number of quasiparticles measured with
the detectors (full traces) and the number of quasiparticles close to supercon-
ducting gap A (the QP signal integrated over 40uV < V < 1001V, dashed
traces) for all three detectors as a function of the injection current. The
traces are normalized such that the linear high injection part of the J; trace
has a slope of unity.

2.4 Spin-resolved QP detection

The same spectroscopic measurements as the ones presented at H = 0 and
H = 1T in the main text can be performed at other magnetic fields. The
fundamental difference between H = 0 and finite fields is that the distribution
functions for the two spin species will not necessarily be the same: when the
injector is biased such that A — upH < Vj; < A+ upH the DOS of the
superconductor behaves as an almost perfect spin filter and quasiparticles
of one spin species are preferentially injected/excited. On top of this, as
the detector electrode is not spin split (due to the Pt monolayer on top)
one should expect to see two peaks in the detector G(V), the first at eV =
A — ugpH — Ap and the other one at eV = A 4+ ugpH — Ap which probe
the two spin states separately, allowing for a spin sensitive spectroscopic
study without the need for a spin polarized barrier. Supplementary figure
22 shows the G(V') curve of the detector for I;,; = 40nA and [;,; = 5nA,
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which corresponds to the maximum spin polarized current at higher fields, as
a function of the applied magnetic field. For clarity the traces are offset such
that eV = A — Ap is at Vg = 0. At the higher of the two currents, when
both spin up and spin down electrons are injected, two peaks are visible,
separated by 2upH as indicated by the vertical black lines.
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Supplementary Figure 22: The detector G(V') at I;,; = 40nA and [;,; = 5nA
for different fields, showing the detection of both spin down and spin up
quasiparticles. The traces are offset such that the (dominant) spin down
peak is at Ve = 0 and the G(V) at I;;,; = 0 is subtracted. The right panel
shows the injector G(V') curves at the same field as on the left. The circle
and the diamond show the injection voltage at which I;,,;(V,;) = 5nA and
Linj(Vinj) = 40nA respectively.

2.5 Differentiating between the fr and the fi3 modes

As both of these modes contribute to the charge imbalance in a superconduc-
tor one cannot distinguish between them by just measuring the voltage across
a nearby normal metal probe, as was done previously [20]. The distinction
between the two can, however, be made by performing a spectroscopic mea-
surement: as shown in the section 1.1.4 the f7 mode is dominantly present
at low magnetic fields and at high injection energies, while the spin-energy
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mode fi3 is localized within A — upH < E < A+ ugH and becomes more
visible with increasing filed, but dies off close to H..

To verify that the odd signal shown in the main text is indeed due to the
spin-energy the following analysis was performed. The left panel of figure
23 shows the G(V) of detector J; at H = 0T for I;;,; = £120nA (the figure
is presented in a similar fashion as in 22, offset such that the QP peak is
at zero and the equilibrium trace is subtracted). Above the QP peak there
is a difference between the traces, which changes sign with the sign of the
injection current and detection voltage (only the positive part of the trace
is shown here for clarity), indicating the presence of a charge imbalance
induced by the fr mode (fr3 = 0 at H = 0 in our experiment). The odd
component of the trace can be integrated over the regions marked in the
figure (the negative peak at &~ 200uV is related to the Josephson current
and is therefore omitted), and the result is shown on the right panel of figure
23. The same panel also shows the results of a similar procedure done for
H = 1T (integrated in the region 90uV < Vi, < 210uV), which shows no
asymmetry, signifying that the contribution of the fr mode at H = 1T is
negligible.

Together with the results shown in the main text, this shows that the
charge imbalance observed at finite fields and close to the gap edge of the
superconductor is associated with the presence of the fr3 mode excited by
quasiparticle injection into a Zeeman split superconductor through an NIS
junction.
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Supplementary Figure 23: A set of G(V) curves from the detector J; at
H = 0T. For each of the injection currents there are two traces: one for
a nominally positive current (red) and the other for the negative current
(blue). An odd component, corresponding to a charge imbalance can only
be observed above I ~ 40nA and starting from high energies, in accordance
with the properties for the f; mode.

41



Supplementary References

[1] Nikolai Kopnin. Theory of nonequilibrium superconductivity. Vol. 110.
Oxford University Press, 2001. DOI: 10.1093/acprof :0s0/9780198507888.
001.0001.

[2] EM Lifshitz and LP Pitaevskii. “Statistical Physics (Part 2), Vol. 9 of
Landau and Lifshitz”. In: Course of Theoretical Physics, 2nd ed.(Pergamon,
Ozford, 1980) (1980).

[3] Aleksei Alekseevich Abrikosov, Lev Petrovich Gor’kov, and Igor’ Ekhiel’evich
Dzyaloshinskii. Quantum field theoretical methods in statistical physics.
Vol. 4. Pergamon, 1965.

[4] Richard D Mattuck. A guide to Feynman diagrams in the many-body
problem. Courier Corporation, 1992.

[5] Piers Coleman. Introduction to many-body physics. Cambridge Univer-
sity Press, 2015.

[6] Gert Eilenberger. “Transformation of Gor’kov’s equation for type II su-
perconductors into transport-like equations”. In: Zeitschrift fir Physik
A Hadrons and nuclei 214.2 (1968), pp. 195-213. por: 10 . 1007 /
BF01379803.

[7] Klaus D Usadel. “Generalized diffusion equation for superconducting
alloys”. In: Physical Review Letters 25.8 (1970), p. 507. DOI: 10.1103/
PhysRevLett.25.507.

[8] Mihail Silaev et al. “Long-range spin accumulation from heat injection
in mesoscopic superconductors with zeeman splitting”. In: Physical re-
view letters 114.16 (2015), p. 167002. pO1: 10.1103/PhysRevLett .
114.167002.

9] F Sebastian Bergeret et al. “Colloquium: Nonequilibrium effects in
superconductors with a spin-splitting field”. In: Reviews of Modern
Physics 90.4 (2018), p. 041001. pOI: 10.1103/RevModPhys.90.041001.

[10] Tero T. Heikkild et al. “Thermal, electric and spin transport in super-
conductor / ferromagnetic-insulator structures”. In: Progress in Surface
Science 94.3 (2019), p. 100540. 1SsN: 0079-6816. DOI: https://doi.
org/10.1016/j .progsurf.2019.100540.

[11] Jan Petter Morten, Arne Brataas, and Wolfgang Belzig. “Spin trans-
port in diffusive superconductors”. In: Phys. Rev. B 70 (21 2004),
p. 212508. DOI: 10.1103/PhysRevB.70.212508.

42


https://doi.org/10.1093/acprof:oso/9780198507888.001.0001
https://doi.org/10.1093/acprof:oso/9780198507888.001.0001
https://doi.org/10.1007/BF01379803
https://doi.org/10.1007/BF01379803
https://doi.org/10.1103/PhysRevLett.25.507
https://doi.org/10.1103/PhysRevLett.25.507
https://doi.org/10.1103/PhysRevLett.114.167002
https://doi.org/10.1103/PhysRevLett.114.167002
https://doi.org/10.1103/RevModPhys.90.041001
https://doi.org/https://doi.org/10.1016/j.progsurf.2019.100540
https://doi.org/https://doi.org/10.1016/j.progsurf.2019.100540
https://doi.org/10.1103/PhysRevB.70.212508

[12]

[14]

[15]

[16]

[17]

M. J.D. Powell. “A Fortran subroutine for solving systems of nonlin-
car algebraic equations”. In: (Nov. 1968). URL: https://www.osti.
gov/biblio /4772677 - fortran - subroutine - solving - systems -
nonlinear-algebraic-equations.

D. Esteve F. Pierre H. Pothier and M.H. Devoret. “Energy Redistribu-
tion Between Quasiparticles in Mesoscopic Silver Wires”. In: Journal of
Low Temperature Physics 118.5 (2000), pp. 437-445. 1SSN: 1573-7357.
DOI: 10.1023/A:1004606420464.

Kei Yosida. “Paramagnetic susceptibility in superconductors”. In: Phys-
ical Review 110.3 (1958), p. 769. DOI: 10.1103/PhysRev.110.769.

John Clarke. “Experimental observation of pair-quasiparticle poten-
tial difference in nonequilibrium superconductors”. In: Physical Review
Letters 28.21 (1972), p. 1363. DOIL: 10.1103/PhysRevLett.28.1363.

Thomas R. Lemberger. “One-to-one correspondence of charge-imbalance
relaxing mechanisms with pair-breaking mechanisms in superconduc-
tors”. In: Phys. Rev. B 29 (9 1984), pp. 4946-4950. pOI: 10.1103/
PhysRevB.29.4946.

Yositake Takane and Yasushi Nagato. “Magnetic Field Effect on Charge
Imbalance Conversion in Superconducting Wires”. In: Journal of the
Physical Society of Japan 77.9 (2008), p. 093713. DO1: 10.1143/JPSJ.
77.093713.

R Meservey and PM Tedrow. “Properties of very thin aluminum films”.
In: Journal of Applied Physics 42.1 (1971), pp. 51-53. DOI: 10.1063/
1.1659648.

SB Kaplan et al. “Quasiparticle and phonon lifetimes in superconduc-
tors”. In: Physical Review B 14.11 (1976), p. 4854. pOI: 10. 1103/
PhysRevB.14.4854.

C. H. L. Quay et al. “Spin imbalance and spin-charge separation in a
mesoscopic superconductor”. In: Nature Physics 9.2 (2013), pp. 84-88.
ISSN: 1745-2481. DOI: 10.1038/nphys2518.

Michael Tinkham. Introduction to superconductivity. Courier Corpora-
tion, 2004.

Peter Fulde. “High field superconductivity in thin films”. In: Advances
in Physics 22.6 (1973), pp. 667-719. DOI: 10.1080/00018737300101369.

Ro A Klemm, A Luther, and MR Beasley. “Theory of the upper critical
field in layered superconductors”. In: Physical Review B 12.3 (1975),
p. 877. DOI: 10.1103/PhysRevB.12.877.

43


https://www.osti.gov/biblio/4772677-fortran-subroutine-solving-systems-nonlinear-algebraic-equations
https://www.osti.gov/biblio/4772677-fortran-subroutine-solving-systems-nonlinear-algebraic-equations
https://www.osti.gov/biblio/4772677-fortran-subroutine-solving-systems-nonlinear-algebraic-equations
https://doi.org/10.1023/A:1004606420464
https://doi.org/10.1103/PhysRev.110.769
https://doi.org/10.1103/PhysRevLett.28.1363
https://doi.org/10.1103/PhysRevB.29.4946
https://doi.org/10.1103/PhysRevB.29.4946
https://doi.org/10.1143/JPSJ.77.093713
https://doi.org/10.1143/JPSJ.77.093713
https://doi.org/10.1063/1.1659648
https://doi.org/10.1063/1.1659648
https://doi.org/10.1103/PhysRevB.14.4854
https://doi.org/10.1103/PhysRevB.14.4854
https://doi.org/10.1038/nphys2518
https://doi.org/10.1080/00018737300101369
https://doi.org/10.1103/PhysRevB.12.877

[24]

[26]

R Meservey, PM Tedrow, and Peter Fulde. “Magnetic field splitting of
the quasiparticle states in superconducting aluminum films”. In: Phys-
ical Review Letters 25.18 (1970), p. 1270. DOI: 10.1103/PhysRevLett.
25.1270.

R. Meservey, P. M. Tedrow, and Ronald C. Bruno. “Tunneling measure-
ments on spin-paired superconductors with spin-orbit scattering”. In:
Phys. Rev. B 11 (11 1975), pp. 4224-4235. DOIL: 10.1103/PhysRevB.
11.4224.

Gianfranco Paterno Antonio Barone. ““Small” Junctions in a Magnetic
Field”. In: Physics and Applications of the Josephson Effect. John Wi-
ley and Sons, Ltd, 2005. Chap. 4, pp. 69-95. 1SBN: 9783527602780. DOTI:
10.1002/352760278X. ch4.

P. M. Tedrow and R. Meservey. “Critical magnetic field of very thin su-
perconducting aluminum films”. In: Phys. Rev. B 25 (1 1982), pp. 171-
178. DOI: 10.1103/PhysRevB.25.171.

44


https://doi.org/10.1103/PhysRevLett.25.1270
https://doi.org/10.1103/PhysRevLett.25.1270
https://doi.org/10.1103/PhysRevB.11.4224
https://doi.org/10.1103/PhysRevB.11.4224
https://doi.org/10.1002/352760278X.ch4
https://doi.org/10.1103/PhysRevB.25.171

	Supplementary Methods
	Supplementary theory
	Spectral equations
	Kinetic equations
	Transport eigenmodes
	Spin and charge accumulation
	The self-consistency relation

	Supplementary experimental methods
	The NIS injector
	The SIS detector
	The spin sensitive SIS detector


	Supplementary Discussion
	Measurement of the number of QP's at high injection
	Nonthermal QP distribution at H=1T
	Pseudo-thermal QPs far away from the injector
	Spin-resolved QP detection
	Differentiating between the fT and the fL3 modes


