PHYSICAL REVIEW B 100, 220505(R) (2019)

Rapid Communications

Superconducting vortices generated via spin-orbit coupling
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Spin-orbit coupling (SOC) plays an important role at superconductor/ferromagnet interfaces. By using the
generalized London and Ginzburg-Landau theories, we demonstrate that SOC induces spontaneous vortices in
zero applied magnetic field in an s-wave superconductor placed below a ferromagnetic metal with intrinsic or
interfacial SOC. Even for small SOC strength, the interaction between SOC and vortices is attractive, pinning
vortices along the edges of the ferromagnet with the SOC reinforcing the superconducting state. This Rapid
Communication also highlights experimental schemes to investigate these phenomena, which provide a platform

for Abrikosov vortex memory.
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In an s-wave superconductor (S), charge flows in the
absence of dissipation but since the Cooper pairs consist of
electrons with antiparallel spins (singlet pairs), the current
does not carry a net spin. The opposite occurs in a fer-
romagnetic (F) metal in which an internal exchange field
hex creates a mismatch in the density of states of electrons
with up and down spins, meaning that dissipative currents
flow with a net spin polarization [1]. At a S/F interface,
hex interacts within S over the superconducting coherence
length which for Nb is & = 30-40 nm [2], whilst in F the
interaction is shorter with & = 1-3 nm in Co [3-5], Fe [4,6],
and Ni [3-5] due to he dephasing the singlet pairs. Hence
there is a F-thickness-dependent modulation of the critical
temperature 7, [7] in S/F bilayers and critical current /. in
S/F/S Josephson junctions [8-10]. In F;/S/F, [11-15] or
F,/F»/S [16-19] spin valves, the total exchange field acting
on the S layer is controllable via magnetization alignment of
the F layers, which creates a dependence of 7. on magnetic
configuration or I, in S/F; /F, /S Josephson junctions [20-22].
A nonparallel alignment of magnetizations between F layers
converts singlet pairs to spin-aligned triplet pairs [23-25] in
which triplet supercurrents carry a net spin [26-32]. These
phenomena form the basis of applications in superconducting
spintronics [33].

Spin-orbit coupling (SOC) is also present at S/F interfaces
due to broken inversion symmetry [23,24,34-37] and is en-
hanced by introducing a material with strong SOC between
the S and F layers. Spin is not conserved in the presence
of SOC, since the SOC rotates spin towards the direction of
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magnetization and hence, at S/F interface can result in spin-
aligned triplet pairs [38,39], e.g., in a recent ferromagnetic
resonance experiment on Pt/Nb/Py [40-42], spin-pumping
efficiency was enhanced below T, indicating a spin-triplet
channel in Nb over &, which forms due to SOC in Pt in
combination with s from Py.

Interfacial SOC adds a Rashba contribution Hg =
(ag/R)(t x p) - & to the energy, where o is the Rasbha SOC
strength, & is the electron spin, p is the orientation of the
momentum, and 7 is the unit vector along the broken inver-
sion symmetry axis. Magnetic order spin polarizes electrons,
meaning that momentum along ¢ X 7 is energetically favor-
able [43] and induces spontaneous currents. This is predicted
near S/F interfaces within the London penetration depth from
the interface [43], around magnetic islands on a thin S [44,45],
in a closed S loop partially covered by a ferromagnetic insula-
tor [46] and in a thin S in contact with a Néel skyrmion [47].
In this Rapid Communication we investigate the interaction
of SOC and vortices in S/F structures at temperatures 7 at
and below T.. By applying realistic material parameters, we
derive a criterion for spontaneous vortex generation in zero
applied magnetic field due to SOC, and demonstrate that SOC
strongly affects transport in S/F junctions.

We model a type-II S of thickness dg (with ds < &) that is
partially covered by a thin-film metallic F of thickness dp, as
shown in Figs. 1(a) and 1(b). We use the general Ginzburg-
Landau (GL) approach to describe the system where the
density of the free energy F = [ f(F)d*F is

b 1 .
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where a =ao(T —T,)/T, and b are the standard GL
coefficients, v is the superconducting order parameter,
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FIG. 1. A ferromagnetic strip on a superconductor at 7 < T...
(a) A perspective and (b) top view of the S/F heterostructure with
magnetization M and SOC &. Vortices and antivortices are repre-
sented by circular currents at the F edges. (c) The current j3°¢/j5¢
and (d) the magnetic field #5°¢ /h5°C due to SOC. () The interaction
energy between the vortices and SOC E™™/E[n.

D = —iV +2¢A is the gauge-invariant momentum operator
with A=c =1, and  is the magnetic induction. The mag-
netization of F is in-plane along x resulting in SOC along y.
SOC in the F is described by & = a®(x — L/2)O(L/2 — x)J,
where ®(x) is the Heaviside step function and the SOC
strength o is [48]

VR € he
Cwrds TE

where ¢o/2m = 1/2e is the flux quantum, c is the atomic
lattice parameter, vg = g/l the Rashba velocity, and vg the
Fermi velocity. The gradient over the order parameter appears
only in the presence of SOC and a ferromagnetic exchange
field [49,50]. The SOC « varies over £. We consider the F/S
heterostructure in the London framework, which describes

@

field variations over distances of A > £. On this scale, « is
a step function.

For T « T, superconductivity is well developed, such that
the GL order parameter is ¥ = |y|e’, where || is constant
and ¢ is the phase of the superconducting order parameter
[51]. Following Ref. [52], we introduce the vorticity

2 _ ¢On x (F ;;0)
(r—ro)

to describe the phase singularity related to a vortex at ¥ = 7.
Assuming dg < A, superconductivity along z can be taken
constant, such that its integral yields a factor ds. We define
the effective penetration depth as A = A2/ds [52]. The free
energy is then

1 - By
F=F+ (@ —AP+ = - (D —A)|d°F
87T)\.eff e
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where Fy is the free energy in the normal state, above T..

The current density in the plane z = 0 is given by j =
—af / dA 8(z). From the Maxwell- Ampere equation 4 j =
Vxh= —AA we obtain [51]

- 1 ago
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which in Fourier space, has solution qu [the two-dimensional
Fourier transform of A(z = 0)] [51,53]:

o Dyt a0/2m

— 6
= T 2 ©)

Xq consists of two contributions 5>q and @,, which are terms
that describe the two-dimensional Fourier transforms of the
vortices @ and SOC &, respectively [51]. Following [52],
we use Kq to derive several physical quantities. The current
density ji= —Bf/BfTS(z) consists of two terms, i.e., f_
jYor 4 750C The vortex contribution j*°" is given in Ref [52].
The current generated due to SOC is

. p5— p(5+x)
% sin + sin
_SOC(X) SOC)A)/ ( A eff 1) ( )\eff )dp (7)
0 +2p
with j§O€ = 47‘;‘3‘?6“ and p = g Acsr. The local magnetic field at

the surface of the superconductor is obtained by transforming
the Maxwell equation h =V x A into Fourier space. The
magnetic field consists of two contributions /1 = ' + ;5°C,
of which the first is known [52] and the SOC contribution is

p(k—x) p(s+x)
SOC (x) = hgoc2 / %0 cos (—fc“ ) - Cos( . )dp ®

SOC __ _ado
with iy = Tt

SOC is described by the cross terms (~,, - C_IS; +ay - 5(1) in
the total free energy (4). We obtain

% sin (zﬁL ) sin (%)

p(1+2p)

. The interaction between the vortices and

Eint(x) — —E(i)m/ (9)
0

with E" = 294
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The current density (7), magnetic field (8), and interaction
energy (9) are plotted in Figs. 1(c)-1(e). These quantities
are proportional to the SOC strength « and depend on the
F strip’s width L. Since the SOC is an edge effect located
inside the F, the current exhibits a discontinuity at the F strip’s
edges. The SOC causes local spikes in the magnetic field at
the edges, which are positive and negative, corresponding to
the in-plane magnetization direction [here directed along the
vector X; see Fig. 1(b)] [54]. The interaction energy attracts
vortices towards its minimum at —L/2 and repels vortices
from its maximum at L/2 (an antivortex).

The behavior of j5°C(x) and E™(x) follows the same
trend in Ref. [55], even though the physical origin in [55]
is electromagnetic, and not SOC. The interaction between
the vortex and edge of the F in [55] is generated by stray
fields, which is proportional to the magnetization M and dF.
The SOC mechanism here dominates if a¢y/2n> > 2Md}.
Taking into account that the lower critical field of the S
is he1 = (¢o/4mA?)In(L/€), this condition can be written
as o > B(O)ndp/hL.lkz, where B(0) = 47 M is the magnetic
induction in the F. For B(0) ~ h.; and dp ~ ds ~ &, this
condition is fulfilled for typical values of o needed for vortex
generation [see Eq. (13) below]. The sign of the current
generated by the SOC mechanism may be opposite to the
current due to the electromagnetic interaction, since it depends
on the sign of the exchange integral determining /.

We use Eq. (9) to derive the criterion for spontaneous nu-
cleation of vortices without applied magnetic field (see [51]).
In the presence of SOC, h,; is modified to

4 .
het = (B + E™), (10)
®o
where EY" is the energy of vortices [52]
2
1 Aeff

EVor — (@) —ln( ft). (11)

A ) Kete 3

The term E™ describes the interaction between vortices and
SOC and writes in the limit L > A [51]

2
gt~ %00 (i) (12)

4 3 )Leff

This interaction is negative implying that k., decreases in
the presence of SOC. The spontaneous generation of vortices
occurs when h.; becomes negative, i.e., when the positive
energy of the vortices is balanced by the negative interaction.
The SOC strength required for the formation of vortices is
then

T In (Aetr/&)
Ahesr In (L/Aetr)

Equation (13) shows that an increase in he or L or a
reduction in ds favors vortex creation. Typical ratios in Eq. (2)
are vg/vp ~ 0.1 [56,57] and che/dsT, ~ 0.1 [46], giving
o >~ 0.01/&. By assuming & /deg ~ 1073 and £ < L, (13) is
satisfied and spontaneous vortex-antivortex pairs form with
the antivortex (vortex) chain under the left (right) edge of the
F in Figs. 1(a) and 1(b). A calculation and discussion of the
linear density of the vortices is given in [51].

So far, we have considered the case where the supercon-
ductivity is well developed. For T < T, the superconductivity
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FIG. 2. A ferromagnetic strip on a superconducting film at
T =T.. Spatial dependence of (a) the normalized wave function
¥ (x) and (b) the current density j,(x) for different (labeled) lengths
L/&.

is weak and we have to calculate the order parameter space
dependency explicitly [51]. Minimizing f [Eq. (1)], the GL
equation in the absence of a magnetic field is

92 92
2y oy
ox2  9y?

W 4
2m dy

1
ay +bly Py — 4—<
m
At T, the order parameter magnitude vanishes (|¥|> — 0)
and the GL equation can be linearized [51]. Solving Eq. (14)
for ¢ and calculating the current j, we find [51]

L il @Ps
jox) = {—ejow(xnzy

for |x| > L/2,
for |x| < L/2, (5)

where jo=ex/m and e is a small difference
between the modulation vector and «, which is found
self-consistently [51].

The wave function v (x) and current density j,(x) from
Eq. (15) are shown in Fig. 2. The current density j,(x) exhibits
large peaks at the edges and a small suppression inside the
F. Comparing Fig. 2(b) to 1(c), the current goes up near the
edge at T = T, which results from suppression of the order
parameter.

In general, when T < T, the order parameter is ¥ (x, y) =
Yoe'®Y, Substituting this into Eq. (14), we find that T — T,
has a maximum for g, = —a. Subsequently, we use ¥ (x, y) =
Y (x)e~™@, apply separation of variables to Eq. (14), and
evaluate the derivatives with respect to y separately. These
can be considered as a constant offset to 7, that results in
local modulations in 7. In the presence of SOC, T, increases
according to

2

« ) (16)

4may

Tc+=TC<1+
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FIG. 3. A superconducting film half covered by a ferromagnetic
metal with 7 < T.. Inset: A schematic illustration of S /F heterostruc-
ture with magnetization M and edge current j,§. Spatial dependence
of (a) the normalized wave function 1 (x) and (b) the current density
Jy(x).

We note that 7; in Eq. (16) relates to the critical temperature
of the F/S bilayer without SOC, meaning that 7., — T, repre-
sents a recovery of the critical temperature.

We use the modulated critical temperature (16) to consider
an F covering the half space [i.e., x € [0, 00); see Fig. 3(a)],
with T < T.. We use Eq. (16) to solve Eq. (14).

The total current consists of a current along the edge and
the supercurrent, i.e.,

J@) = jod(x)p — I A(x). (17)

T Aetf

Modeling the edge current as a Dirac § function is validated
by £ < A (London theory). We use Biot-Savart’s law A =
i J/IxE+y2d I, which results in an implicit equation for A.
To avoid divergence issues, we integrate over a strip of width
L and set z = 0 and obtain

Ay(x) = In|x — L| — In|x|

1 L
T / Ay(¥)In|x — x'|dx’. (18)
21 0

We solve the above for A, (x) iteratively, letting L — oo
and obtain the current density from Eq. (17). The normal-
ized wave function ¥ (x) and current density j,(x) from
Eq. (17) are displayed in Fig. 3. The amplitude of the
wave function increases near the edge and saturates inside
F. The current is zero outside F and has a § peak resulting
from the edge current, then drops and gradually recovers
inside F.

In summary, we have theoretically investigated the role of
SOC in S/F junctions in the superconducting state. Firstly,
we show that even weak SOC (a =~ 0.01/&) lowers the crit-
ical field h.;, enabling spontaneous generation of vortex-
antivortex pairs. Furthermore, the interaction between vor-
tices and SOC is attractive and so pins vortices along the
F edges. Secondly, the suppressed 7, of the F/S bilayer is
partially recovered in the presence of SOC and thirdly, the
superconducting order parameter i is spatially modulated
due to SOC in conjunction with a magnetic exchange field.
Spontaneous vortex generation and pinning would manifest
experimentally as a peak in magnetic field profile in the
superconducting layer across the ferromagnet strip’s edge
below 7,. By measuring local magnetic fields through T
it would be possible to distinguish the effect of SOC from
stray fields from out-of-plane domain walls. Vortex genera-
tion and pinning are prominent when the magnetization is
perpendicular to the ferromagnet strip’s edge and diminish
as the magnetization rotates in-plane to vanish when the
magnetization is parallel to the ferromagnet strip’s edge.
Although our model considers a F metal with intrinsic SOC,
matching behavior is expected by introducing an interface
material with strong SOC [58] such as Pt or Pd, which have
high interfacial transparency with Nb [59,60]. An important
aspect of our theory is that it raises the prospect for vortex
guiding without the usual requirement of stray magnetic fields
to generate vortex-antivortex pairs and that vortex motion
[see Figs. 1(a) and 1(b)] is reversible with current or magne-
tization direction. These are key requirements for Abrikosov
memory.
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