SCIENTIFIC REPLIRTS

Controlling superconducting spin
flow with spin-flip immunity using a
single homogeneous ferromagnet

Received: 11 December 2015 gg| H, Jacobsen, Iryna Kulagina & Jacob Linder

Accepted: 15 March 2016

Published: 05 April 2016 Spin transport via electrons is typically plagued by Joule heating and short decay lengths due to
spin-flip scattering. It is known that dissipationless spin currents can arise when using conventional
superconducting contacts, yet this has only been experimentally demonstrated when using intricate
magnetically inhomogeneous multilayers, or in extreme cases such as half-metals with interfacial
magnetic disorder. Moreover, it is unknown how such spin supercurrents decay in the presence of
spin-flip scattering. Here, we present a method for generating a spin supercurrent by using only a
single homogeneous magnetic element. Remarkably, the spin supercurrent generated in this way
does not decay spatially, in stark contrast to normal spin currents that remain polarized only up to the
spin relaxation length. We also expose the existence of a superconductivity-mediated torque even
without magneticinhomogeneities, showing that the different components of the spin supercurrent
polarization respond fundamentally differently to a change in the superconducting phase difference.
This establishes a mechanism for tuning dissipationless spin and charge flow separately, and confirms
the advantage that superconductors can offer in spintronics.

Current research in spintronics is attracting much attention, in large part due to the pivotal role that the quantum
spin degree of freedom plays in an increasingly wide class of physical systems, ranging from ultracold atoms
at the micro-Kelvin temperature scale to topological insulators at room-temperature. Spin transport in super-
conductors!'~, which historically predated spin transport experiments in non-superconducting materials®, has
recently re-emerged as a potential avenue for enhancing and discovering new phenomena in spintronics. Recent
results are encouraging, with experiments demonstrating not only infinite magnetoresistance®, but also strongly
enhanced quasiparticle spin lifetimes’, spin relaxation lengths?, spin Hall effects’, and thermoelectric currents!®
compared with non-superconducting structures.

Creating and manipulating spin-flow is the central feature of superconducting spintronics'"'2. It is known
that in the presence of magnetically inhomogeneous structures, such as multilayers or ferromagnets with intrin-
sic textures such as domain walls, spin-polarized Cooper pairs can emerge' which thus carry not only charge
but also spin supercurrents'*-'®, Experimentally, it has been demonstrated'?-?? that such triplet Cooper pairs
can carry a dissipationless charge-current through strong ferromagnets over distances far exceeding the pene-
tration depth of conventional superconducting order into magnetic materials. This occurs precisely due to the
creation of triplet Cooper pairs which are spin-polarized and thus insensitive to the pair-breaking effect of a
magnetic Zeeman-field. In fact, triplet Cooper pairs were newly experimentally observed inside a conventional
superconductor??*. In very recent developments, it has been shown that intrinsic spin-orbit coupling offers an
alternative avenue for generating the long-range (LR) triplet component®>?. In that case the appearance of the
LR component depends on the relationship between the spin-orbit coupling and the exchange field, with the LR
triplet defined as having its spin aligned with the exchange field. This is in contrast to the short-ranged (SR) triplet
component which has its spin perpendicular to the field, and is thus vulnerable to pair-breaking in the same way
as conventional singlet Cooper pairs. As we will show below, these recent developments will have profound con-
sequences for the generation of spin supercurrents in spintronics.

To date, structures with magnetic inhomogeneities such as multiple magnetic layers have been required to
create long-ranged spin-supercurrents!®?2. This can be experimentally challenging for several reasons, primarily
because it is far from trivial to exert control over the individual layers of magnetically inhomogeneous structures,
and can be complicated yet further if the magnetic layer has intrinsic texture (such as the spiral order in Ho). Here
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Figure 1. Proposed experimental setup and interference mechanism. The thin-film may be constructed with
either pure Rashba spin-orbit coupling from heavy normal-metal layers (e.g. Au or Pt) and a homogeneous
ferromagnet with out-of-plane magnetocrystalline anisotropy (e.g. PANi or CuNi), or with both Rashba and
Dresselhaus coupling in the normal layer (e.g. GaAs) and a ferromagnet with purely in-plane field. In both cases,
this induces an interference effect between the long-ranged and short-ranged Cooper pairs, which results in
spin mixing and a novel superconductivity-mediated spin torque.

we will show that it is possible to create a spin-polarized supercurrent using just one single homogeneous magnetic
element, which eliminates the experimental complexities and heralds a new era for harnessing the dissipationless
spin-flow of superconductors in spintronics. In addition, we show that this spin supercurrent does not decay
even in the presence of spin-flip processes, e.g. via magnetic impurities or spin-orbit impurity scattering. This
spin-flip immunity means such superconducting spin currents are fundamentally different from spin currents
in non-superconducting structures, which remain polarized for the duration of the spin relaxation time. Finally,
we show that the spin polarization components of the supercurrent respond qualitatively differently to a change
in the superconducting phase difference ¢. The surprising consequence of this is that the dissipationless charge
flow and spin flow can be tuned separately. In particular, both the magnitude and the polarization direction of
the spin flow is controlled via the superconducting phase, offering an entirely new way to control spin transport.

Spin supercurrent with a single homogeneous ferromagnet

Consider the thin-film heterostructure depicted in Fig. 1, which shows a Josephson junction of conventional
s-wave superconductive sources with normal and ferromagnetic elements typically utilized in proximity effect
experiments.

We will now show that a long-ranged spin supercurrent is sustained in the junction even when only a single
homogeneous ferromagnet is used. The key to achieving this is to deposit a very thin layer of a heavy normal metal
such as gold or platinum at the superconducting interfaces. Recent experiments in the context of magnetization
switching have shown that such interfaces will produce strong Rashba spin-orbit coupling due to the high atomic
number of the metal and the interfacially broken inversion symmetry?. Experimentally, care must be taken dur-
ing the layer deposition in order to reduce the amount of interfacial roughness, which will in general decrease the
amount of current the junction can sustain and thus affect the signal strength. The magnetic element consists of
a ferromagnetic alloy which has both an in- and out-of-plane component, achievable by using e.g. PANi or CuNji,
which can both feature out-of-plane magnetocrystalline anisotropy in thin-films**?. It is clear, therefore, that no
magnetic inhomogeneities are required, and the ferromagnet does not need to feature any intrinsic spin-orbit
coupling. This is in contrast to previous works that have considered long-ranged currents in either magnetically
textured junctions (see e.g. refs 14,30,31) or intrinsically spin-orbit coupled ferromagnets®>?*, where spin is
not a conserved quantity, with several magnetic layers?. In our setup, only a single homogeneous ferromagnet is
required because the heavy normal metals supply the spin-orbit coupling, significantly reducing the previously
required level of junction complexity in order to host a spin supercurrent. Furthermore, as an alternative exper-
imental scenario, it is possible to use a ferromagnet with a purely in-plane exchange field by employing normal
layers that contain both Rashba and Dresselhaus coupling. Examples include crystals that lack an inversion struc-
ture and two-dimensional electron gases such as gallium arsenide. In this case, the singlet-triplet conversion is
greatly enhanced***, resulting in stronger supercurrents (see Fig. 2).

The spin-supercurrent I, polarized along a unit vector n may be computed via the quasiclassical Green func-
tion § according to'*:

© A a,xa K
I, =1, j;oo de Trp,7(0.8)"} (1)

Here, we have defined* = diag(n - o, n - 0*), where o is the vector of Pauli matrices, ¢ denotes the quasiparticle
energy and K the Keldysh component of the Green function. I s, = NoNDAA/8L, where Ny is the normal-state
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Figure 2. Charge and spin supercurrent vs. length. The magnitude of the critical charge current IQ (a) and the
components of the critical spin current IS s (b) in the ferromagnet as a function of the length of the layer L is
shown on a logarithmic scale. In the presence of spin-orbit coupling, the current becomes long-ranged as it
makes a transition from an exponential decay with superimposed oscillations to a much slower decay with
respect to L. For long ferromagnetic junctions, it is clear that the charge current is almost entirely due to the
long-range component. Including both Rashba and Dresselhaus coupling results in a substantial enhancement
of the critical currents compared with pure Rashba coupling. We assume bulk superconductivity in the
superconductors, an exchange field h = 50A(0, cos0, sinf) with 6 = 0.37, and a normal metal layer length of
Lyl§g = 0.08.

density of states at the Fermi level, D the diffusion constant and A the interfacial contact area. The integral in
Eq. (1) is dimensionless since the energies have been normalized to the bulk superconducting gap A and lengths
normalized to the ferromagnet length Ly. The matrix §, = diag(1, 1,—1,—1). To find the Keldysh component we
use the equilibrium relation

@0 = [2°0.2" + (5,6"0.2%,) Ttanh (3e/2), @

where §® denotes the retarded component of § and 8 = 1/k,T is the inverse temperature with kB being the
Boltzmann constant. Here we have used that the advanced component of § is given by §* = — (p3g P 3) We find
§" by solving the Usadel equation for the system shown in Fig. 1 numerically in the full proximity effect regime
using the NOTUR supercomputer cluster (Kongull); see Methods for further details. We can then compute the
spin supercurrent from Eq. (1), and the charge supercurrent I, can be obtained from the same formula by remov-
ing 7 from the trace and taking Iy — 21 5,6/ = Io, where eis the electronic charge.

The critical charge supercurrent ¢ obtained ata phase-difference ¢ = /2, is shown in Fig. 2a, demonstrating
that it becomes long-ranged even if Qhere is no magnetic inhomogeneity and only a single ferromagnet is used.
The physical mechanism behind this effect is that the spin-orbit coupling present in the thin, heavy normal metal
layers rotates the triplet Cooper pairs due to an anisotropic spin relaxation®. The existence of the long-ranged
supercurrent in our setup requires a thin layer with spin-orbit coupling at each of the superconducting interfaces:
with only one layer, the effect is absent. In this sense, the heavy normal metal layers effectively play an analogous
role to the misaligned magnetization layers in the trilayered magnetic Josephson setup proposed in ref. 30 as the
spin-orbit coupling provides the spin-rotation required to produce the long-ranged triplet Cooper pairs. The key
distinguishing aspect regarding the appearance of a long-ranged supercurrent in our work compared to previous
proposals is that only one single homogeneous ferromagnet (without any intrinsic spin-orbit coupling) is
required. Moreover, our analysis reveals new physical mechanisms at work in such structures, to be discussed
below.

The spin-orbit coupling is described by o and (3, being respectively the Rashba and Dresselhaus coeffi-
cients. These are normalised to the superconducting gap A and length of normal metal Ly in such a way that
with a niobium superconductor of gap A~ 3 meV, a = 0.5/Ly corresponds to a Rashba parameter of the order
3 x 10712V m. It is clear from Fig. 2a that the critical current decays rapidly in the absence of spin-orbit coupling
(=P =0), and that this decay is strongly suppressed by the inclusion of spin-orbit coupling (note the log scale).

To model the ferromagnet, we assumed an exchange field h = h(0, cos6, sin0), with a strength /A =50 and a
canting of = 0.3w between the in- and out-of-plane components. The supercurrent exists for any orientation of
the exchange field 6 € (0, ©/2) and we will later discuss the precise dependence on the canting angle 6. We choose
Gyr = 0.2 for the normalized interfacial magnetoresistance term and G, = 1 for the interfacial scattering phase
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shift on both sides®® (see Methods for details). In this case, and with a typical superconducting coherence length
of ¢ = 25nm, the LR component dominates for ferromagnets of length L greater than ~10nm, causing the
cr1t1cal current IQ to decay slowly despite the presence of an exchange field h > A, remaining orders of magni-
tude larger than the SR component for increasingly long ferromagnets In this scheme, the associated current
densities for a sample length Ly~ 10 nm will be of the order |j¢| ~ 10° A/cm? without spin-orbit coupling, and
1-2 orders higher with its inclusion (see Methods for details). 'ﬁns corresponds well with charge current densities
measured in the experiment of ref. 37, which also used a CuNi alloy as the ferromagnet. For stronger exchange
fields, the LR component will dominate for even shorter junctions, but the overall current magnitude will be
suppressed. The supercurrent carried by the LR Cooper pairs can be significantly enhanced by including
Dresselhaus coupling, as can be seen in Fig. 2a, in which case the achievable critical charge current is much
greater than with Rashba coupling alone.

We now turn to the spin supercurrent. Without spin-orbit coupling, no spin current flows in the junction. To
demonstrate the physical origin of the dissipationless spin current and its different polarization components, it
is useful decompose the triplet correlations in the system into their long-ranged and short-ranged contribution:
f fir+ fsr- To take an explicit example, consider the case with pure Rashba coupling and an exchange field

= (0, h,, h,). In that case, we may write the general expressions:

Fir = @p =& hth g hyh), fop = (Of o hy, fegho)lh, (3)

> Mty

sothat f, . - h = Owhen f, | h.Here, {g,, ¢} and fsz are complex scalars that describe the LR and SR parts of
the superconductmg correfatlons Now, the spin expectation vector of a triplet Cooper pair is obtained by
(8) = if x f with f () = f* (—¢). Inserting the long-ranged state f,y, one obtains

(S),p = —i(2,8, — 8,8)(h,9 + h.2)Ih. @

This means that the spin of the LR Cooper pairs points along the exchange field, as expected. Similarly, one
finds that (S) . = 0 for the SR Cooper pairs. However, there exists an additional contribution. The spin expecta-
tion vector oﬁR he total proximity-induced superconducting state may be written

(S)tot = i(fLR +fSR) X (?LR + ?SR)
= (S>LR +ilfp x —?SR + ?LR X fap)- (5)

It follows that there exists a novel interference term (S). = i(f , x ?SR + ?LR x f ) between the LR and
SR Cooper pairs, which upon insertion of f; ; and fgz produces two terms, (S)int = (S)ex +(S) . :

mix

(S) = S,(h, — zh)Ih, (S) =S ©)

whereS = 1(fSRg fSRg)

The exchange term (8)ex of Eq. (6) is independent of the direction of the field h. In contrast, (S) ;. changes its
spin-polarization direction as h is altered. We will explain the physical meaning of each of these terms in the
section below. The critical spin supercurrent variation with L, is shown in Fig. 2b, displaying both the component
parallel with the exchange field (n || h), I SC |» and the magnitude of the perpendicular components

‘ISC,Ll = \J(ISc,ex)2 + (ISc,mix)2 . (7)

It is clear that the polarization of the spin supercurrent along the magnetization direction has a qualitatively
different behavior with the length of the system compared with the polarization perpendicular to the exchange
field, which oscillates within its typical exponential decay since it is limited by the penetration depth of the
short-ranged superconducting correlations. Although both components decay exponentially, the penetration
depth of the parallel component is enhanced greatly by the addition of spin-orbit coupling, and it persists for sig-
nificantly longer interstitial ferromagnets. Note that there is a non-monotonic relationship between the maximal
supercurrents and the magnitude of the spin-orbit coupling, in the same way as there exists a non-monotonic
relation between the density of states and spin-orbit coupling in a ferromagnet®*. The local density of states would
be expected to display a peak at zero energy whenever the long-range component of the spin supercurrent dom-
inates in the system, and for there to be an increase in the critical temperature of the superconductor®. Since the
long-range correlations are carried by the so-called odd-frequency pairs®**’, the system in this way reproduces
features of unconventional superconductivity*’ using conventional s-wave superconductors.

Controlling spin polarization with the superconducting phase
Analyzing the dependence of the spin supercurrent on the phase difference between the superconductors exposes
another fundamental difference between the parallel and perpendicular components. We will prove that (i) there
exists a superconductivity-mediated exchange interaction in the system, even in the absence of any charge super-
current and magnetic inhomogeneities, which acts with a torque on the magnetic order parameter, and that (ii)
both the magnitude and polarization direction of the spin supercurrent can be tuned via the superconducting
phase difference.

The phase-dependence of the component of the spin supercurrent parallel to the exchange field, I'g pis plotted
in Fig. 3a, and shows the expected first-order sinusoidal dependence on the phase difference ¢. This is physically
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Figure 3. Controlling spin flow and polarization via superconducting phase difference. The dependence

of the spin supercurrent on the phase difference ¢ between the superconductors of the junction illustrated in
Fig. 1 is shown. The component parallel to the exchange field h= h(0, cos9, sin0) is given in (a), the component
perpendicular to the field polarized in the x-direction in (b) and the perpendicular component along (0, sin(6),
—cos(0)) in (c). The spin-orbit coupling is chosen to be of pure Rashba type with o = 0.5/Ly;, and the parameters
used are otherwise the same as in Fig. 2. Results with both Rashba and Dresselhaus coupling are qualitatively
similar, with consistently higher current magnitudes (not shown).

reasonable since this component of the spin supercurrent is carried exclusively by the LR Cooper pairs which are
polarized along the exchange field. When considering the perpendicular components of the spin supercurrent,
however, the analysis in the preceding section showed that there exists two contributions I, and I, that orig-
inate from a novel interference between the LR and SR Cooper pairs. In order to unveil the physical meaning of
these terms, we plot the variation of these with ¢ in Fig. 3b,c. It is seen that these polarization components exhibit
a fundamentally different response to the superconducting phase difference: I, is invariant under time-reversal
¢® — (—¢) and finite even in the absence of any phase difference ¢ = 0 where no net charge current flows, whereas
I miy is antisymmetric under time-reversal. In effect, there exists a pure spin supercurrent flow without any charge
current contamination in the system, even in the absence of any magnetic inhomogeneities or half-metallicity.

Based on these observations, we offer the following interpretation of our findings. The polarization compo-
nent of the spin supercurrent | h is understood simply as the polarization of the LR Cooper pairs that carry the
long-ranged charge current and thus obeys the same type of current-phase relation as the charge current itself,
vanishing both at ¢ = 0 and ¢ = «. The interference between the SR and LR Cooper pairs now provides the spin
supercurrent components with distinct physical origins. The term I, ;, represents the spin polarization that arises
due to interference between LR and SR pairs carrying charge current, and is thus qualitatively similar to the
charge current itself, with a sin ¢ profile. In contrast, the term I, represents something more exotic: it is a
superconductivity-induced torque acting on the magnetization, which is present even in the absence of any charge
current. From its numerical evaluation, we find that it may be written as \I s, ol = J1+ J, cosd, with the con-
stants {7, J ,} depending on system-specific details such as the strength of the exchange field h, the length of the
ferromagnet L and the strength of spin-orbit coupling o. This means that the exchange spin supercurrent is
invariant under ¢ — (—¢) and that it has a term that is independent of the superconducting phase difference.

The physical origin of this term is the following. Due to the proximity effect, both LR and SR superconducting
correlations are induced in the ferromagnet in the presence of the inversion-symmetry breaking normal metal
layers. The interference between these correlations create, according to Eq. (6), a net spin moment. Since this
moment is misaligned with h, it acts with a torque on the magnetic order parameter h, attempting to rotate it so
that the net torque vanishes. The presence of magnetic anisotropy in the system could be expected to attempt to
counteract this torque. Importantly, this effect is present even without any net charge flow (¢ = 0) and exists with
just a single, homogeneous ferromagnet. This is evident by comparing Fig. 3b and Fig. 3¢, where the different
polarization components of the spin supercurrent are plotted against the superconducting phase difference. This
result shows that the magnitude and polarization direction of a dissipationless spin current can both be tuned
exclusively via the superconducting phase difference, which is a surprising finding that offers a new way to control
spin flow. The superconducting phase difference may itself be set in the conventional way via current-bias, or by
applying an external magnetic flux in a loop-geometry*'. We underline that this superconductivity-mediated
exchange interaction is very different from exchange interactions in e.g. conventional spin-valves with two fer-
romagnets, where a deviation from the parallel or antiparallel configuration produces a net equilibrium spin
current that tries to align the magnetizations via a spin-torque*~*. In contrast, here such a torque exists even with
a single, homogeneous ferromagnet due to a unique interference effect between long-ranged and short-ranged
triplet Cooper pairs.

It is clear from Fig. 3 that the maximal spin-current polarized along the exchange field is achieved around
¢ =T/2, corresponding well with the definition of the critical spin current, taken to be the spin polarization of the
critical charge current. These simulations were run for a canting angle of 6 = 0.3, and since this angle is in large
part determined by material and geometry constraints it is instructive to consider the effect of the canting angle
on the results. This is shown in Fig. 4, and demonstrates that the long-ranged component of the charge current
favours a canting angle of 0 = /4, visible at longer sample lengths. It is also clear that the inclusion of both Rashba
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Figure 4. Charge- and spin-current vs. canting angle. The effect of the canting angle 6 between the in- and
out-of-plane components of the exchange field h = 50A(0, cos 6, sin0) is shown for the charge current in (a),
and for the spin-current components in (b,c). Without spin-orbit coupling, the charge current does not depend
on the magnetization orientation, and there is zero spin-current. With Rashba spin-orbit coupling we see a
significant enhancement in the charge current, with a canting profile stabilising towards a sinusoidal maximum
at 0 = /4 for increasingly large ferromagnets as the long-ranged triplet component become dominant.

The parallel component of the spin-current monotonically decreases with ferromagnet length, while the
perpendicular components are sensitive to the 0-w transition in the ground state. The inclusion of Dresselhaus
spin-orbit coupling yields a dramatic increase in both charge- and spin-current, and it is evident that purely in-
plane magnetization (6 = 0) is sufficient to generate the long-range component.

and Dresselhaus spin-orbit coupling allows the long-ranged component to be generated with a purely in-plane
exchange field*>*.

Spin-flipimmunity

Upon analysing the spin supercurrent in the above structure, one discovers an additional feature which pertains
uniquely to currents generated by superconductors. Unlike conventional spin-polarized currents, we find that
a spin supercurrent does not decay due to either spin-orbit impurity scattering or spin-flip scattering caused by
magnetic impurities. This result has immediate implications for the usage of superconductors in spintronics,
since it means that spin-flow created in this way is preserved even in regions with strong spin-flip scattering. We
emphasize that this stands in complete contrast to conventional spin-currents, which have a decay length dictated
by the amount of spin-flip scattering present.

Here we provide a general proof that the spin supercurrent is conserved both in normal metal and ferro-
magnetic systems, even in the presence of spin-orbit impurity scattering and isotropic spin-flip scattering from
magnetic impurities. Using the relation between the Keldysh, retarded and advanced components of the Green
function which holds at equilibrium (Eq. (2)), the Usadel equation may be written

DA, Trip,#;8°0,8" + iTr{p, 4,12, "1} = o, (8)
where we have defined
5= €ﬁ3 + M — 65 — s> 9)

and % ; denotes the polarization-direction of interest. M= diag(h - o, (h - 0)*), where h is the magnetic exchange
field, whereas the spin-orbit and magnetic impurity spin-flip self-energies have been included via the terms &,

and & (see Methods for details). For any matrix X onehas Tr{X '} = (Tr{X})*, from which it follows that if
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Trip,#15, 851} = 0, (10)

then the spin supercurrent will be conserved. By inserting the most general expression for the quasiclassical
retarded Green function gR [given in Eq. (13)], direct evaluation shows that the above trace is always zero in the
absence of an exchange field despite the presence of spin-flip scattering. In the presence of an exchange field, the
same holds for the spin supercurrent I polarized along the magnetization and remains true even if the exchange
field is spatially inhomogeneous. Even tLough the magnitude of the spin supercurrent is reduced with increasing
spin-flip scattering®, it is remarkable that a spin supercurrent, controllable via the superconducting phase differ-
ence, has no decay even if both spin-orbit and magnetic impurities are present in the sample.

Summary

In conclusion, we have shown three major results: (i) a long-ranged spin supercurrent can be created without any
magnetic inhomogeneities, (ii) both the magnitude and polarization direction of the spin supercurrent can be
tuned separately via the superconducting phase difference, and (iii) spin supercurrents created in this way do not
decay even in the presence of spin-flip scattering, i.e. they display spin-flip immunity. We have proposed that this
may be observed experimentally in a Josephson junction consisting of conventional s-wave superconductors (e.g.
Nb) with very thin layers of a heavy normal metal (e.g. Pt or Au) and a single homogeneous ferromagnet with
magnetocrystalline out-of-plane anisotropy (e.g. PANi or CuNi). We would like to note that no “exotic” materials,
such as unconventional superconductors or noncentrosymmetric ferromagnets, are required - the effects pre-
dicted in this work appear by combining conventional superconductors and metals, which should make experi-
mental verification of our results readily achievable. Our results confirm the significant and immediate advantage
that superconductors offer spintronics.

Methods

We solved the Riccati parameterised Usadel equation with spin-orbit coupling® iteratively between the layers,
using the NOTUR supercomputer facilities (Kongull), for the full proximity effect regime. Having three separate
layers between the superconductors means the setup is not amenable to analytic solution even in the weak prox-
imity limit, in contrast to several other works cited in the main text. In the normal metal, spin-orbit coupling is
included in the Usadel equation Eq. (8) by replacing the derivative with its covariant equivalent. We describe the
normal-metal-ferromagnet interfaces via the spin-dependent boundary conditions

28,08, = (8, 8] +2LCR)lA 8]
+0;Gyzlg M, g3 + 0iGolg ,, M, (11)

where j, k = {left, right}, j = k denotes the two sides of the interface and the orientation determines the sign
0 4ight= L, 01 = — 1. The thin-film layering direction is taken to be in the z-direction, and G, @and G, denote the
interfacial magnetoresistance and scattering phase shifts respectively. We chose (. = 3 for the transparency
parameter of all interfaces. The spin-orbit coupling field A = diag(4, — A*), and we have considered the case
A = (Bo, — aoy, ao, = B0,,0), where q, 3 are the Rashba and Dresselhaus coefficients respectively. Note that
if the spin-orbit field contains a component along the junction direction, for example if isolating the triplet com-
ponent via a w-biased junction®, then the relative sign of the spin-orbit coupling between the two normal layers
becomes important. The extrinsic spin-orbit scattering and spin-flip terms are given by

R 1 A A ARA A
O = Z(}ipg,g p3OL1-,
87—50 i
1 AR A
6 = Zé‘igRo‘iSp
87 (12)

where 7, and 7 are the mean scattering times, S; is the spin expectation value and we have defined the matrix
&, = diag(o;, giT). The general form of the retarded Green function is

SR _ NI + ) 2N~
—2N§ =N+ ~v) (13)

with normalization matrices N = (I — ~7) ' and N = (I — Ay tand identity matrix I. The = operation denotes
complex conjugation ande — ( — €). Regarding the choice of junction parameters, one may consider a reasona-
ble approximation of the normal-state density of states to be of the order N, ~ 10%%/(eV cm?), and the diffusion
constant of CuNi to be¥” D ~ 5cm?/s. Moreover, in Figs 2 and 4 we have shown the critical charge current and spin
currents, computed at a phase difference of ¢ = n/2. The critical charge current may deviate slightly from this
phase difference near the transition points between the 0 and  ground states since higher order harmonics may
become increasingly significant when the current is very small, but this is largely negligible for our scheme.
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