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It has been commonly accepted that a magnetic field suppresses superconductivity by inducing the or-
dered motion of Cooper pairs. We demonstrate that a magnetic field can instead provide a generation of
superconducting correlations by inducing the motion of a superconducting condensate. This effect arises in
superconductor/ferromagnet heterostructures in the presence of Rashba spin-orbital coupling. We predict the
odd-frequency spin-triplet superconducting correlations called the Berezinskii order to be switched on at large
distances from the superconductor/ferromagnet interface by the application of a magnetic field. This is shown
to result in the unusual behavior of Josephson effect and local density of states in superconductor/ferromagnet

structures.
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The phenomenon of superconductivity dwells on the con-
densation of Cooper pairs each consisting of two electrons
with opposite momenta. A magnetic field tends to break
Cooper pairs by inducing their center-of-mass motion which
makes the momenta of two paired electrons to be not exactly
opposite. This seems to be the fundamental mechanism called
the orbital depairing effect which exists in any superconduct-
ing system and leads to the suppression of superconductivity
by the magnetic field [1].

In this Rapid Communication we show that the magnetic
field can in fact stimulate Josephson current by generating
correlations which are odd in the frequency domain. Our
proposal is based on the observation that the combination of
exchange field, spin-orbit coupling (SOC), and controllable
condensate motion is generically enough for the effective
manipulation of the odd-frequency spin-triplet pairing states
[2] which have attracted continual interest for several decades
[3-27]. We find that the condensate motion generated by the
external magnetic field through the Meissner effect adds an
additional degree of freedom which can control the genera-
tion of odd-frequency superconductivity in currently available
experimental setups with SOC [28-34]. In the context of su-
perconductor (S)/ferromagnet (F) hybrid structures [35-44]
these correlations are known as long-range triplets (LRTSs)
because they can penetrate at large distances into the ferro-
magnetic material [9,45-60]. We suggest a mechanism which
leads to the stimulation of long-range Josephson current in
SFS junctions by the external magnetic field thus opening
great perspectives for low-dissipative spintronics [61,62].

Recently the phenomena employing SOC in the SF struc-
tures has attracted much attention [30,34,63—-86]. The SOC is
generated at interfaces due to the broken inversion symmetry
and usually has Rashba-type form [87-91] («/m)(6 X p) - n
where n is the interface normal, 6 is the vector of spin Pauli
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matrices, and p and m are the electron momentum and mass. It
can be additionally enhanced by adding a thin layer of heavy
metal [90,91] as sketched in Fig. 1. Usual values of interfacial
Rashba level splitting in metals can be assumed to be small,
vpa/Ep < 1, where vy and Ep are the Fermi velocity and
energy, respectively. Under this condition the modification of
spin-singlet pairing by the SOC alone is negligible [67,73,92—
94]. However, even in this case the combined effect of SOC
and spin-splitting field shows up in the quite efficient genera-
tion of spin-triplet superconducting correlations.

The combination of interfacial SOC and exchange field
can induce p-wave spin-triplet superconducting correlations
[64] which mediate the long-range Josephson effect through
clean ferromagnets [63,95]. In a diffusive system p-wave
correlations decay at the mean free path which is much
smaller than the thickness of the F layer. At the same time
p-wave correlations exist near the interface with nonzero
SOC. They can be converted to s-wave correlations due to the
anisotropic Doppler shift of quasiparticle energy levels [96]
vr - p, induced by the condensate motion along the interface
as shown in Fig. 1(b). This shows up in the generation of
LRT pairs which are robust to both disorder and exchange
interaction. This effect can be engineered combining usual
superconductors such as Al or Nb with ferromagnets and SOC
[70-72,75,86,97-99].

Without the supercurrent LRTs are absent in the generic
S/F structures such as shown in Fig. 1(a). Here the exchange
field h || z produces only short-range triplets with S, =0
shown schematically by the blue arrows which decay at short
length of the order & ~ 1 nm in usual ferromagnets. We
demonstrate that the generation of LRTs with §; = £1 shown
schematically by red arrows in Fig. 1(b) can be achieved
by inducing the superconducting condensate momentum sat-
isfying the condition k x (n x p,) # 0. This effect is fully

©2020 American Physical Society
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FIG. 1. Schematic picture of the system considered: diffusive
superconductor/ferromagnet junction with Rashba SOC at the S/F
interface induced by the thin heavy-metal Pt layer. (a) Only short-
range superconducting correlations are present in the absence of a
magnetic field. (b) A magnetic field generates condensate momentum
through the Meissner effect p, = —(A,/Pg)n x B. The interplay of
condensate momentum p,, SOC, and exchange field h leads to the
generation of a long-range s-wave spin-triplet component for B # 0.

controllable by the external magnetic field B L k which
induces the supercurrent due to the Meissner effect p, =
—(AL/Pp)n x B where Ay is the London penetration length
and P is the magnetic flux quantum.

The qualitative physics of the effect can be described
as follows. We need three ingredients to generate LRTs:
spin-splitting field &, SOC, and supercurrent or condensate
momentum p,. The role of & || z is to generate S, = 0 spin-
triplet correlations. The role of SOC is to convert them to
S, = %1 correlations due to the momentum-dependent spin
rotation. The general structure of anomalous function describ-
ing the pairing in the spin-triplet channel can be parametrized
[100] as (6 -dpy,), where 6 is the vector of Pauli matrices.
The p-wave spin vector is d ,,, = Fj (w)h X (n x p) with the
amplitude F),,, (w) which is an even function of the Matsubara
frequency w.

By the order of magnitude |d | ~ hvpa /A% > vpo /Er
which in principle is not small. These triplets are
even-frequency d,(w) = dp,(—w) and odd-parity p-wave
d ., (p) = —d,(—p) correlations. Depending on the relative
orientation of the Zeeman field 2 and Rashba vector n the
spin vector field d ,, can form different textures in momentum
space. In Figs. 2(a) and 2(c) the two characteristic examples
of the hedgehog and domain wall are shown, respectively.

The externally induced superflow p, # 0 induces Doppler
shift of the quasiparticle energy levels [96,101] vr - p,. It
results in the suppression of pairing on one part of the
Fermi surface, namely, for electrons with momentum p || p,.
In the simplest case of a homogeneous system this leads
to the shift of imaginary frequencies so that the ampli-
tude of triplet correlations is given by F,, (@ — ivp - p,) ~
Fpy(®) — i(vp - pg)d,Fyy. This modification of the pairing
amplitude results in the additional component of the spin
vector 8d = —id,Fyu(vF - po)h X (r X p). Quite interesting
for us is the s-wave component dy, = (éd), given by
dg = (2/31)Er(0,F,0)h x (n x py). The typical amplitude
is |dgu| ~ (ps&)hvpa/A? where & is the coherence length.
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FIG. 2. Textures of the spin-triplet order parameter vector d on
the Fermi surface p, = 0 cross section. Left column: odd-parity
state d ,,, for resting condensate p; = 0. (a) n || h. (c) n L h. Right
column: mixture of odd- and even-parity states d ,,, 4 d,, induced by
the moving condensate p, # 0. (b)h | n L p,and (d) k || p, L n.

Examples of spin textures consisting of the even- and odd-
parity mixtures d ,,, +dy,, are shown in Figs. 2(b) and 2(d).
To produce both the p-wave and s-wave triplets it is crucial
to have h # 0 so that they are qualitatively different from
those obtained beyond quasiclassical approximation due to the
Edelstein effect [67,94,95].

The described mechanism has the same physical origin as
the one reported in Ref. [98], where the gradients of pairing
amplitude arising near the edges of S and Pt layers in the pla-
nar geometry in combination with Rashba SOC can generate
LRTs. In our proposal LRTs are generated within the entire
Pt layers thus providing much larger long-range Josephson
currents. The other major advantage of our proposal is the full
direct magnetic and electric control over the LRT generation
because the condensate motion can be induced by applying an
external supercurrent or the external magnetic field.

We assume that SOC is small, vra/Er < 1, which allows
neglecting magnetoelectric effects [102] and spontaneous
phase gradients [65,73,83]. Simultaneously this assumption
allows using the quasiclassical theory describing the system in
terms of the quasiclassical propagator § = g(w, p, r), which is
a 4 x 4 matrix in the direct product of particle-hole and spin
spaces, and w is the imaginary frequency. It is determined by
the Eilenberger equation [103]

(vr - )2 = [A, &1 + 1, [(8) . 81 (M

Here vp = p/m is the Fermi velocity, 5@ =Vg— ila A+
24%%3, 8] is the covariant gradient, and 7; are Pauli matrices
in particle-hole space. The quasiclassical equations are sup-
plemented by the normalization condition g = 1. We denote
A =%(w+ih-6—iA), where A = |A|e'BX% is the super-
conducting order parameter, A is the vector potential, and A
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is the general SU(2) field describing SOC. The last term in
Eq. (1) describes impurity scattering with the rate t ”—np and
(---)p denotes the average over directions of p.

First, to elucidate the mechanism behind the genera-
tion of s-wave spin triplets let us consider solutions of
Eq. (1) with spatially homogeneous fields |A|, &, A, and the
gauge-invariant condensate momentum p, =Vyx —A/P,.
We consider expansion by small parameters vpa/A < 1 and
vrps/A < 1. Let us denote as g, the zeroth-order solution of
Eq. (1) with @ = 0 and p; = 0. The first-order correction by
SOC is [104]

8o = ia@nl@n, (0 - DN/ (54 +5- +27,1), (@

where si = +/(w +ih)?> + A%. These corrections generate
pairing in a p-wave even-frequency spin-triplet channel which
is known to exist in superfluid *He and systems with Rashba
SOC [92]. For Rashba SOC, A=nx 6, the anomalous
part of Eq. (2) is given by [104] (6 - d,,) with the ampli-
tude Fp, = —iaA/[msys_(s4 +s_ + 2t1)]. By the order

imp
of magnitude g, ~ hvpa /A2

As we discussed above, the condensate momentum adds
Doppler shift to the Matsubara frequency in Eq. (1). This
results in the s-wave spin-triplet correction which in the
clean limit is given by 844 = —(vr - p,)9,8, Which contains
the s-wave component with the spin structure described by
the vector dg, och x (n x p,). By the order of magnitude
8an o (E2ahps/A) where & = vp /A is the coherence length
in the ballistic limit ri:n:) = 0and & = +/D/A in the dirty limit
ATimp < 1 where D is the diffusion coefficient.

The mechanism which we have discussed for the mini-
mal model of a homogeneous system works as well for the
proximity system where the spin-splitting field is provided
by the exchange interaction in the ferromagnet adjacent to
the superconductor. The most striking demonstration of the
spin-triplet correlations with d,, L h can be achievedina S/F
structure with Rashba SOC shown in Fig. 1. Below we show
that the generation of LRTs in the ferromagnet can be fully
controlled by the external magnetic field. This effect and its
experimental manifestations are discussed below.

LRT Josephson effect in SFS junction stimulated by a
magnetic field. For the setup in Fig. 1(a) with B =0 we
have d,, = 0 and therefore despite the presence of SOC only
S, = 0 Cooper pairs are generated. Such correlations decay
in the diffusive ferromagnet at the length scale & = /D/h
which is rather short—&r ~ 1 nm in usual materials. Thus
with exponential accuracy the superconductivity is absent at
the distances x > & from the S/F interface.

At the same time the correlations with d,, # O that appear
at B # 0 have S; = £1. Therefore they are LRTs which are
robust to the spin depairing and the only correlations that
survive at the distances x > & from the S/F interface in
the ferromagnet. In the setup shown in Fig. 1(a), such pairs
appear only upon applying the magnetic field B | h. Hence
we claim to find the mechanism of the odd triplet supercon-
ductivity generated by the magnetic field. The formation of
LRTs has important consequences in the transport properties
[54-56,105-107] which can be directly measured using the
electrical probes. Below we discuss two of them—the tunnel
conductance and Josephson current.

To describe the diffusive system we use a Usadel equation
for the s component of the Green’s function. It is obtained
from the general Eilenberger equation (1) in the limit of large
impurity scattering Timph < 1. Here we discuss a simplified
version of the Usadel theory using the following assumptions.
First, we consider tunneling S/Pt interfaces in Fig. 1 so that
superconducting correlations are small both in Pt and in F.
This allows one to linearize the Usadel equation by assumlng
g =sgn(w)ts + f where the anomalous part f fY +f, - .
has spin-singlet f; and spin-triplet f , components.

Second, we assume that SOC is localized within Pt layers
of the width d,,. < &y, where &y = /D/2nT. That is, inte-
grating the Usadel equation through the Pt layer we get the
boundary condition at the effective S/F interfaces [104]

nxvxfr = Vﬁbcxa (3)
n Vo f, = 4iatsf, x (p, x n), 4)

where Fyes = it3A/v/w? + A? and the surface SOC strength
&= [dxa(x) and y is the S/F interface transparency
[9,108]. Note that the boundary condition (4) corresponds
to the conversion of p-wave to s-wave correlations shown
in Fig. 2. Indeed, the right-hand side of Eq. (4) is equal to
—ifdx((p - P23, &pwl) p, Where gp,, is the p-wave compo-
nent of ¢ and the integration is done over the Pt layer with
o #0.

Finally, assuming that p;& < 1, we neglect the orbital de-
pairing term p?D from the Usadel equation. That is, only the
linear in p, term described by the boundary condition (4) is
retained. Then, in the F layer where @« = 0 and & # 0, we
obtain the linearized Usadel equations:

D N ~ N
5V3fs = |olfs + isgnw(h - f,), (5)

§VEf, = |olf, +isgno(hfy). (6)

The solution of this system can be obtained in the compact
form in the realistic limit £ < dr < &y. Further, we are only
interested in the LRT component of the anomalous Green’s
function which is approximately constant in the ferromagnet
for the case under consideration. Up to the first order in the
parameter &(p&n )(En/dr ), which is assumed to be small, we
obtain the LRT component in the ferromagnet [104]

A vEpd
fi= T dplo]

Now we are ready to calculate the enhancement of the DOS
in the ferromagnet due to the odd-frequency LRT [14,50,109]

8N(e) = %|flz|(a) = i¢ + §) where § is the Dynes parameter.
For dr > & the contribution to this correction resulting from
the short-range triplets already vanishes and, therefore, SN =
0 at B = 0. However, at B # 0 the LRTs expressed by Eq. (7)
start to appear as SN oc B2.

Next let us consider the long-range Josephson effect in-
duced by a magnetic field in the setup shown in the inset in
Fig. 3. We assume similar conditions on the thickness of F
layer dp as above. Having in hand the solutions (7) for left
and right S/F boundaries we calculate [104] the Josephson
current-phase relation in the form I = I, sin ¢ with the critical

= t3Fjesh X (1% py). (N
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FIG. 3. Interference patterns of the critical current /.(®) for the
magnetic-field-induced Josephson effect through the magnetic and
SOC interlayers as shown in the inset. We use the parameters 7 =
0.1A, dp =&, and LA, = 202 and denote H,, = & /2.
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where n, = h/h, ¥ is the digamma function, a = A/n T,
1l =4op A(yaér )2/€d1:, and o is the ferromagnet conduc-
tivity. The physical origin of unusual behavior in Fig. 3 is
determined by the mechanism which is the main topic of this
Rapid Communication, namely, the generation of long-range
spin-triplet correlations by an external magnetic field. As we
have obtained in Eq. (7), the amplitude of long-range spin
triplets is proportional to the condensate momentum p, which
is generated by the external magnetic field through the Meiss-
ner effect. In the SFS junction with tunnel interface barriers
and weak proximity effect [110] py(dr/2) = —ps(—dF/2) =
BAp/®¢. Hence the amplitude of critical current grows as
I, o B? for a small external magnetic field, when the total flux
through the junction area ® = 2A, LB is small, ® <« ®,. Here
L is the length of the junction. For larger fields we need to take
into account phase variation along the junction which leads to
the usual factor (L sin¢)/¢ in the critical current where ¢ =
2rd/dy. As a result, we obtain /. « B envelope dependence
of the critical current shown in Fig. 3. This growth is bounded
from above by the depairing effects from which the most
important one is expected to be the vortex entry [111] to the

current [104]

I/1o = szu:snh)zRe[x/f(

superconducting leads caused by the external magnetic field
B. This happens at fields H, when the condensate momentum
at the edge becomes of the order of the critical depairing value
so that p;& ~ 1. Depending on the level of disorder, one can
have the values [111] H,/H.> ~ 0.1-0.19. For such samples
the orbital effects can be neglected at fields B < 0.1H,, as in
Fig. 3.

The critical current magnitude can be estimated using
Eq. (8) with the typical junction parameters [49]. Assuming
that the junction area is 50 x 50 um?, o ~ (50 uQcm)~!,
dp ~y~' ~ 5&,and D ~ 10 cm?/s, h ~ 500 K so that & ~
3 nm. For the superconducting gap in Nb A ~ 10 K so
that the critical current is I, ~ 10’1(pxé a2 A. Taking & ~
0.1-1 [27,89,112] and p,& = 0.3, we get the current I, ~
1072-10~* A which is much larger than in SFS junctions
where LRTs are generated by the magnetic inhomogeneity
[49]. This 1. is much larger than obtained for the planar ge-
ometry [98] because in our mechanism there are no physical
limitations on the junction cross section.

The I.(B) pattern in Fig. 3 drastically differs from the ones
observed previously in nonferromagnetic Josephson junctions
with SOC [113,114] and ferromagnetic ones without SOC
[115]. This behavior can be considered as the fingerprint of
LRTs produced due to the presence of interfacial Rashba
SOC. The direction of & in Fig. 3 can be pinned tailoring the
F layer shape anisotropy so that the easy axis is perpendic-
ular to B. Such scenarios were realized experimentally and
coercive fields of about 0.3 T for Fe samples were measured
[116] which exceeds the field range in Fig. 3 provided that
H., < 3T, which is typical for Nb superconducting leads.

In conclusion, we have demonstrated a general mechanism
which provides the generation of odd-frequency spin-triplet
superconductivity by moving the superconducting condensate
in homogeneous ferromagnets. Physically the effect originates
from a coupling of a Cooper-pair spin with its orbital motion
via SOC. The effect leads to the appearance of LRT corre-
lations in experimentally relevant S/F hybrids and long-range
Josephson effect switchable by an externally applied magnetic
field.
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