
Abstract.We review the mechanisms responsible for long-range
Josephson transport in ballistic hybrid superconductor/ferro-
magnet/superconductor (SFS) structures with the exchange
field modulated in either coordinate or momentum space.
These mechanisms are based on the suppression of the destruc-
tive interference of electron and hole waves in a ferromagnet
caused by the exchange field. The interference suppression
results in a slow decay of the singlet component of the pair
correlation function in a ferromagnet and an increase in the
Josephson current in SFS structures.
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1. Introduction

Future progress in modern information technologies will be
largely driven by the creation of new (opto)electronic devices
with high performance. However, until recently, new func-
tionalities were provided mainly by the development of
semiconductor-based heterostructures. At the same time, the

analysis of and the search for possible new principles of
operation and other advanced materials and structures are
very relevant and timely. Various types of metamaterials with
controlled electrodynamic parameters and nanoelectrome-
chanical devices that provide efficient coupling of electronic
and mechanical degrees of freedom look promising for
applications. In particular, there is intense activity aimed at
using the benefits of superconductivity, which should reduce
the dissipation losses in such systems. Combining materials
with opposing electron spin ordersÐa superconductor (S)
and a ferromagnet (F)Ðprovides very efficient ways to
manipulate superfluid (dissipation-free) transport via con-
trol of the spin degree of freedom and will therefore pave the
way to new types of hybrid devices of superconducting
spintronics and nanoplasmonics.

A pivotal role in realizing the dissipation-free spin
transport in such hybrid structures is played by the proximity
effect between a superconducting and a normal conducting
material [1]. The leakage of superconducting pairs into the
ferromagnetic metal induces an inhomogeneous supercon-
ducting state near the SF boundary, resembling the Larkin±
Ovchinnikov±Fulda±Ferrell (LOFF) state [2, 3], whichmeans
that the Cooper pairs acquire a finite center-of-mass
momentum. The joint influence of the proximity effect and
exchange interaction in heterogeneous SF hybrid structures
implies the creation of superconducting correlations whose
amplitude decays and oscillates in the ferromagnet in the
direction perpendicular to the boundary [4±6]. A complete
synergy between S and F subsystems turns out to be possible
via the creation of long-range spin-triplet Cooper pairs [7, 8],
which are generated in certain inhomogeneous magnetic
configurations [7, 9±12] and/or on a carefully engineered SF
interface [13, 14].

Here, we discuss a few promising proposals that provide
an opportunity to generate long-range spin-triplet super-
conducting correlations in ballistic SF hybrids.
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2. Proximity effect and long-range triplet
correlations in hybrid SF structures

A unique characteristic of the proximity effect at super-
conductor interfaces with a normal nonmagnetic (N) metal
is closely related to the phenomenon of the Andreev reflection
of quasiparticles at the SN boundary [15]. It describes
correlations between particles and holes on the normal side
of the interface due to penetration of pairs and provides a
nonzero amplitude of the superconducting order parameter D
in the absence of the pairing potential [16]. In ballistic (`clean')
nonmagnetic metals, the spin structure of a particle±hole pair
can be omitted, and the wavevector mismatch between the
incoming particle �qu� and the reflected hole �qv� with the
energy e �0 < e5 eF�measured with respect to the Fermi level
eF � �hkFVF=2, is very small �qu; v � kF

�����������������
1� e=eF

p
). Never-

theless, the wavevector mismatch dq � qu ÿ qv ' kFe=eF
results in the phase difference g � dqL between the
electron- and hole-like parts of the total two-component
quasiparticle wave functions ĉ � �u; v� gained over a path
of length L. Because the measurable quantities (current
density, conductance, etc.) should be calculated as
averages over different trajectories, i.e., as superpositions
of rapidly oscillating contributions uv � � exp �ig� from
different trajectories, the phase factor g between the u and
v parts of the wave functions ĉ induces destructive
trajectory interference at the characteristic dephasing
length Lp � 1=dq � �hVF=e. This leads to a power-law
decay of the amplitude D on the length scale Lp � xN �
�hVF=2pTc in a normal metal (Tc is the critical temperature
of the superconducting transition) [17, 18].

When the electrons of a Cooper pair encounter an
interface region of a ferromagnetic metal, a different spin-
dependent shift of the quasiparticle energy for Andreev
particles and holes at the normal side of the SF interface
appears due to the Zeeman splitting of the spin subbands
by the exchange field h [19]. Here, we assume that the
triplet superconducting pairing is absent and the spins in a
Cooper pair �"#ÿ#"� are opposite as in the usual case of
singlet superconductors. Wavevectors of quasiparticles
with the energy e5 h5 eF and opposite spin projections
are different. The wavevector mismatch dq � qu"�#� ÿ qv#�"�
is equal to j dq j ' 2h=�hVF, while the sign of dq is determined
by the spin structure of the wave function ĉwith respect to the
exchange field direction. We note that the sign of dq can be
changed in two evident cases: (i) reversal of the exchange field
direction �h! ÿh�; (ii) singlet Cooper pair scattering with a
spin-flip transition of electrons. The effect of the exchange
field h for a trajectory of lengthL leads to the phase difference
g � dqL � �L=xh between the u and v components of the
wave function ĉ [9, 20], where xh � �hVF=2h is a characteristic
length determined by the exchange field h. Such a dephasing
with a homogeneous exchange field h induces destructive
trajectory interference, which leads to a power-law decay of
the amplitude of the Copper pairs wave function at the length
scale Lp � xh � �hVF=2h in the ferromagnetic region. In
diffusive (`dirty') structures, superconducting correlations
exist at distances of about Ld � xf �

�������������
�hDf=h

p
(Df is the

diffusion constant) and decay exponentially. In both `clean'
and `dirty' cases, the decay length is extremely small and does
not exceed ten nanometers even for a weakly ferromagnetic
interlayer like the CuNi alloy [21].

This simple qualitative picture of strong suppression of
singlet superconductivity by the homogeneous exchange field

of a ferromagnet appears to be in sharp contrast to a number
of recent experiments that point to an anomalously large
length of decay of superconducting correlations inside the
F metal. Judging from observation [22], there is a noticeable
supercurrent through a thin Co nanowire half a micrometer
in length, which exceeds the typical decay length of singlet
superconducting correlations in cobalt Ld by several orders
of magnitude. The giant proximity effect in ferromagnetic
metals is usually attributed to the excitation of spin-triplet
superconducting correlations �""� and �##� of electrons with
aligned spin projections [7, 8] (see Ref. [23] for a review).
Because these triplet Cooper pairs are not destroyed by the
exchange field, the superconducting correlations decay in a
ferromagnet at the same length as in a normal (nonmagnetic)
metal. As a result, long-range effects arise. Superconducting
correlations spread at anomalously large distances inside FS
hybrids [24], and there is a strong Josephson coupling in the
SFS junction with a ferromagnetic barrier when the F-layer
thickness is much larger than the characteristic scale xh (or
xf� [25].

The crucial ingredient for explaining the long-range effect
is the mechanism of conversion of singlet Cooper pairs
�"# ÿ #"� generated in the superconductor into the triplet
ones �"# � #"�, �""�, and �##� in a ferromagnetic metal. The
process of generating spin-triplet Cooper pairs with aligned
spins can be understood by introducing a standard para-
meterization of the anomalous semiclassical Green's function
in a ferromagnet f � fs � ftr̂, where fs is the amplitude of the
singlet part, the vector ft describes the triplet part of the
function, and r̂� �sx; sy; sz� is the Pauli matrix vector in spin
space. The component of the vector ft parallel to the
magnetization M has a zero spin projection along the
exchange field (the spin quantization axis) and decays in the
ferromagnet at the same length scale xh; f as the singlet part fs.
The noncollinear orientation of the magnetizationM and the
vector ft serves as a source of long-range triplet pairs with the
spin projection �1 [26, 27]. The smooth profile of the
exchange field suppresses the long-range effect, and the spin-
triplet generation turns out to be most efficient for the
inhomogeneity scale of the order of xh; f [10]. The optimal
structures for the long-range triplet Josephson effect observa-
tion are the multilayers SF 0FF 00S with noncollinear magneti-
zations in different ferromagnetic layers [25, 28]. In such a
case, the long-range Josephson current results from the
propagation of the triplet superconducting correlations with
aligned spins through a thick �dF 4 xh; f � dF 0 ; dF 00 � central
noncollinear domain F. Consequently, this process is called
the triplet long-range effect.

3. Long-range Josephson transport
through a ferromagnetic bilayer

The inhomogeneous exchange field h caused by the ferromag-
netic domain structure can also improve the conditions of
superconductivity survival in FS hybrids in the clean limit,
i.e., when the electronmean free path significantly exceeds the
sample size [9, 20]. The destructive phase gain g induced by the
exchange fields can be strongly suppressed or even fully
canceled if the orientation of the exchange field changes
along the quasiparticle trajectory [9]. Total compensation of
the destructive phase gain g and the long-range Josephson
effect can be realized in a `clean' SFS junction containing a
bilayer as an F barrier (see Fig. 1a) if both ferromagnetic
layers (domains) have the same thickness d1 � d2 5 xs and
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opposite orientations of the exchange field in the domains [9,
20, 29]. In this case, the phase gains g1; 2 arising due to the
ballistic motion across each layer are equal in magnitude but
opposite in sign for the two layers: g1; 2 � �d1; 2=xh. As a
result, the total phase gain g � g1 � g2 in the ferromagnetic
bilayer must cancel, and the destructive effect of the exchange
field is absent. In this case, the amplitude of superconducting
correlations decay in the ferromagnet bilayer at the same
characteristic length as in a normal metal. A qualitative
picture of this effect is shown in Fig. 1b. In general, when
d1 6� d2 and the exchange fields h1 and h2 in the layers are
equal in magnitude �jh1j � jh2j � h� but are rotated through
an arbitrary angle a, we find the following expression for the
phase shift g�y� gained in a 2D junction containing the
F bilayer [29]:

cos g�y� � cos2
a
2
cos �d1 � d2� � sin2

a
2
cos �d1 ÿ d2� ; �1�

where cos y � �n; nF� is the angle between the trajectory
direction and the vector normal to the FS plane, and
d1; 2 � d1; 2=�xh cos y�. The relation between the current I and
the phase difference j of a short 2D SFS Josephson junction
must be calculated as a superposition of the contributions
from different trajectories,

I�j� �
X
n

Icn sin �nj� �
X
n

angn sin �nj� ;
�2�

gn �
� p=2

0

dy cos y cos
ÿ
ng�y�� :

The coefficients a1; 2 coincide with the coefficients of the
Fourier expansion for the current±phase relation SNS
junction of the same geometry, and the amplitudes of the
first two harmonics at T � Tc are determined by the

relations

a1 � eTc

8�h
N

�
D�T �
Tc

�2

; a2 � ÿ eTc

384�h
N

�
D�T �
Tc

�4

; �3�

where D�T � is the temperature-dependent superconducting
order parameter in the electrodes and the factor N is
determined by the number of transverse modes in the
junction. Expression (1) allows writing the first harmonic of
the current±phase relation I�j� �Pn Icn sin �nj� in the
convenient form

Ic1 � cos2
a
2
Ic1

�
d1 � d2

xh

�
� sin2

a
2
Ic1

�
d1 ÿ d2

xh

�
; �4�

where Ic1�d� is the critical current of the first harmonic in the
SFS junction with the F-layer thickness d � d1 � d2 � dxh
and a homogeneous exchange field h for which the relation
cos �g�y�� � d= cos y is satisfied. For a thick 2D junction
�d4 xh�, expression (4) describes a slow power-law decay of
the critical current Ic1 with an increase in the ferromagnetic
barrier thickness (Ic1 / �d=xh�ÿ1=2�, caused by the destruc-
tive trajectory interference [30]. Taking the symmetric case
d1 � d2 in (4), we immediately obtain a long±range contribu-
tion to the Josephson current: I LR

1 � Ic1�0� sin2 �a=2� sinj,
which does not depend on the ferromagnetic bilayer
thickness d.

We note that a similar problem was considered in [31] for
one-dimensional constriction. In this case, the long-range
Josephson effect also exists for a homogeneousmagnetization
of the barrier, and a composite F layer does not lead to
qualitatively new effects.

It is important that the long-range contribution to super-
current (4) survives for an arbitrary nonzero angle a between
the magnetic moments of the adjacent F layers. The long-range
behavior can also be observed for the second harmonic in the
current±phase relation I LRc2 � ÿa2 sin2 �a=2�, and does not
disappear even if d1 6� d2 and d1; 2 4 xh. The emergence of a
long-range Josephson effect for even harmonics of the current±
phase relation is in good agreement with recent theoretical
findings in Refs [32, 33]. This simple example shows the ability
to significantly change the decay length of pair correlations in
the F barrier and, as a result, a method is proposed to easily
control the transport properties of ballistic Josephson SFS
systems by manipulation of the exchange field in ferromagnetic
metals.

4. Long-range Josephson transport
through a ferromagnetic wire
with a finite spin±orbit interaction

A different mechanism of the long-range effect in mesoscopic
SFS structures was proposed recently for a ballistic transport
through a thin ferromagnetic wire with spatially homoge-
neous magnetization [29]. An effective exchange field inho-
mogeneity h along a semiclassical trajectory required for the
long-range effect appears due to multiple reflections from the
ferromagnet surface if spin±orbit interaction is present inside
the ferromagnet. The spin±orbit interaction results in the
quasiparticle momentum dependence of the exchange field
h � h�k� [34]. Because the normal quasiparticle reflection on
the wire surface is accompanied by a change in the trajectory
direction and the quasiparticle momentum k (see Fig. 2), the
exchange field h�k� must also change its direction along the

SL SR

S

x

h1 h2

d1 d2

a

y

a

h h
ku"

kp � ku" � kv# k0p � ku" � kv#
� ÿkp

ku"

kv# kv#

d1 d2
b

u

v

Figure 1. (a) SFS Josephson junction containing two ferromagnetic layers

(domains) as a barrier. A linear quasiparticle trajectory is shown by the red

dashed line. (b) The spin arrangement q � ku" ÿ kv# of the wave function
c in the ferromagnetic bilayer with opposite directions of the exchange

field in the domains.
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quasiparticle trajectory. A similar periodic exchange field
can strongly affect the phase gain g along the trajectories
and suppresses the destructive phase difference between the
electron- and hole-like parts of the wave function for a large
group of semiclassical trajectories, even in a single-domain
ferromagnetic state. The phase gain g can be found from the
linearized Eilenberger equations [35] for the anomalous
semiclassical Green's function in the ferromagnet
f � fs � ftr̂,

ÿi�hVF
q fs
qs
� 2hft � E�k� fs ; ÿi�hVF

qft
qs
� 2 fsh � E�k�ft ; �5�

along the trajectory s characterized by a given angle y with
respect to the wire surface. In the absence of the system
anisotropy described by a polar vector, the simplest form of
the resulting exchange field h is h�k� � h0 � bSO�h0; k�k=k 2

F,
where h0 is a pseudovector determined by the ferromag-
netic moment M, bSO is a constant determined by the
spin±orbit interaction, and kF is the wave number for the
Fermi momentum pF � �hkF. The exchange field h varies
with the period sy � 2D= sin y on a broken trajectory
experiencing multiple specular reflections from the wire
surfaces.

To solve Eqns (5), we use a perturbative approach similar
to the nearly free electron approximation in the band theory
of solids. Applying this method, we obtain the following
expression for the long-range component f LR

s of the singlet
part fs�s� of the anomalous Green's function f :

f LR
s �

X1
m�0

8jHqm j2
��hVFqm ÿ 2hx�2 � 8jHqm j2

; �6�

which is independent of the trajectory length and is
therefore not destroyed by destructive interference under
averaging over different trajectories. Here, Hq �
ÿ2ibSOh0 sin2 y cos y=�Dq� are the amplitudes of the Fourier
harmonics of the periodic function hy�s� �

P
q Hq exp �iqs�,

corresponding to the reciprocal lattice vectors q � qm �
2p�2m� 1�=sy, m � 0;�1; . . . . Determined by the amplitude
f LR
s , the long-range first harmonic in the current±phase

relation for T ' Tc takes the form

I LR
1 � I LR

c1 sinj � a1 sinj
� p=2

0

dy cos y f LR
s �sR� : �7�

Assuming the resonances to be rather narrow and not to
overlap as jHqm j ! 0, we approximate f LR

s in (6) by the sum
of d-functions and rewrite the expression for the critical
current I LR

1 as a sum over the resonant angles ym determined

by the relation sin ym � 2hxD=�p�hVF�2m� 1��:

I LR
c1 ' a1

X
m5m �

���
2
p

p�hVFbSO
h0D

sin3 ym cos ym ; �8�

wherem � is the smallest positive integer or zero satisfying the
condition 2m � � 15D=�pxh�. In the limit D4 �hVF=�2hx�,
the resonant angles are closely distributed in the interval
0 < ym < p=2, and I LR

c1 ' a1
���
2
p

bSO=3.
Figure 3 shows the dependence of the amplitude of the

long-range first harmonic I LR
c1 of the supercurrent on the

F-wire thicknessD. Oscillations of the critical current I LR
c1 �D�

as a function of the wire thickness have the period DD � 2pxh
and originate from a change in the number of resonant
(Bragg-type) quasiparticle trajectories that correspond to
the vanishing phase gain g between the electron- and hole-
like parts of the wave function. Certainly, the above long-
range effect in the first harmonic is rather sensitive to both the
SFS structure configuration and possible disorder due to
nonspecular quasiparticle reflection on the wire surface.
However, similarly to the case of a ferromagnetic bilayer, we
expect the long-range supercurrent for higher (even) harmo-
nics to be robust against the disorder effect and changes in the
of SFS structure geometry [29].

5. Singlet Josephson transport mediated
by scattering with a spin-flop transition
in ballistic SFS structures

We consider one more method for suppressing destructive
interference due to the effect of the exchange field of a
ferromagnet, proposed in Ref. [36]. The phase difference g
between the electron- and hole-like components of the wave
function on a semiclassical trajectory can be strongly
suppressed by the creation of a noncollinear domain of the
exchange field h, which reverses the Cooper-pair spin
arrangement by scattering (a spin-flop transition). A similar
localized magnetic inhomogeneity can be created, for exam-
ple, by a tip of the magnetic exchange force microscope
(MExFM) or another source of strongly inhomogeneous
magnetic fields, which are able to change the magnetization
of a small region (of the size � xh) of the ferromagnetic weak

yD

SL SR

F x

y

x0

L

Figure 2. Schematic of the 2D overlap SFS Josephson junction containing

a ferromagnetic wire of thickness D. The quasiparticle trajectory s

experiencing multiple reflections from the wire surfaces is shown by the

red dashed line.
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Figure 3. Dependence of the long-range first harmonic I LR
c1 (8) of the

supercurrent (solid line) and the number m � (dashed line) on the F-wire

thickness D. For reference, the horizontal dotted line shows the asympto-

tic value of the amplitude I LR
c1 for D4 xh determined by the relation

I LR
c1 ' a1

���
2
p

bSO=3 �I0 � a12
���
2
p

bSO�.
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link (see Fig. 4). Created by a similar `magnetic gate', the
region in which the exchange field h differs from the original
one is the reason for the appearance of the long-range singlet
component of the Josephson current.

To elucidate the peculiarities of Cooper pair scattering
with a spin-flop transition of electrons, it is convenient to
introduce the new functions f� � fs � ftx composed of the
parts of the anomalous Green's function f. The functions f�
describe the pairs with a zero spin projection and a reversed
spin arrangement: �"#� and �#"�. It has been noted that the
total momentum of a singlet Cooper pair �hq � �hk" ÿ �hk# is
not equal to zero due to the exchange splitting of the spin
subbands (jk"j> jk#j and jqj � 1=xh). The linearized Eilenber-
ger equations for the functions f� are greatly simplified if the
direction of the spatially homogeneous exchange field
coincides with the spin quantization axis x:

�i�hVF
q f�
qs
� 2h f� � 0 : �9�

The additional domain d2 (the scatterer) with a noncollinear
exchange field mixes (`entangles') the components f� and fÿ.
Then the resulting values of the function f� �d2 5 d1 ' d3� at
the right electrode must be

f��sR� � a� exp
�ÿiq�sd1 � sd3�

�� b� exp
��iq�sd1 � sd3�

�
;

�10�

where sdi � di= cos y, and the coefficients a� and b� depend
on the scatterer parameters (the domain thickness d2 and the
exchange field rotation angle a). For d1 � d3, i.e., if the
domain d2 is placed at the weak link center, the rapidly
oscillating factor in the first and the second terms vanishes.
This means the emergence of the long-ranged singlet
proximity effect, because the singlet part of the Green's
function

fs�sR� � 1

2

n
a� exp

�ÿiq�sd1 � sd3�
�

� bÿ exp
��iq�sd1 � sd3�

�o� 1

2
�aÿ � b�� �11�

includes the term �aÿ � b��=2, where a `fast' y dependence
disappears.

A schematic picture of Cooper pair scattering on a
noncollinear exchange field domain is shown in Fig. 5. The
total momentum of a singlet Cooper pair �hq is either
unchanged �hq 0 � �hq after the scattering (Fig. 5a), or reversed
�hq 0 � ÿ�hq (Fig. 5b), depending on the scatterer parameters.
In the first case �aÿ � 0, b� � 0�, the spin arrangement of the
pair does not change with respect to the exchange field h
� f� ! f�� and the remaining total phase gain between the
electron and hole parts of the wave function g � �d1 � d3�=xh
is large, which results in a strong destructive trajectory
interference of electron and hole states at the characteristic
length � xh. In the second case (a� � 0, bÿ � 0, spin-flop
scattering), the spin arrangement of the pair is reversed with
respect to the exchange field � f� ! f��, the phase gains at the
segments d1 and d3 differ by sign, and the total phase gain
g � �d1 ÿ d3�=xh depends on the relative position of the
scattering domain d2. At a symmetric position of the
scatterer �d1 � d3�, the total phase gain g in the ferromagnet
goes to zero, and the destructive effect of the exchange field
for the component �aÿ � b��=2 of the wave function
vanishes.

Therefore, the singlet part fs of the anomalous Green's
function in a ferromagnet with a magnetic exchange field
inhomogeneity localized near the constriction center must
decay at the same length xn �

����������������������
Df=�2pTc�

p
4 xh as in a

nonmagnetic metal. This means that long-range Josephson
transport exists in the SFS hybrid under consideration. We
note that the triplet long-range proximity analyzed in Refs [7,
8] is absent for this setup, but the stimulation of singlet
supercurrent takes place.

d1 d2 d3

h

hFI

SRSL

FI

M

NW

MExFM

Figure 4. Schematic of the SFS constriction under consideration: a thin

layer of a normal nonmagnetic metal on the surface of a ferromagnetic

insulator (FI), which induces the effective exchange field h in the metal.

The tip of the magnetic exchange force microscope (MExFM tip) with the

magnetization M creates a noncollinear domain of the exchange field h

located near the constriction center.

d1
d2

d3

f�

b

fÿ

k"

h

ÿk#

q � k" ÿ k# q0 � k# ÿ k" � ÿq

k#

ÿk"d1
d2

d3

f�

a

f�

k"

h

ÿk#

q � k" ÿ k# q0 � k" ÿ k# � q

ÿk#
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Figure 5. (a) Scattering of a singlet Cooper pair at the exchange field h inhomogeneity without the spin±flop transition of electrons. The spin arrangement

of the pair q � k" ÿ k# has not changed with respect to the exchange field h: q 0 � q. (b) Scattering of a singlet Cooper pair at the exchange field h

inhomogeneity with the spin±flop transition of electrons. The spin arrangement of the pair is reversed: q 0 � k# ÿ k" � ÿq. The noncollinear exchange
field h scatterer is shown in grey.
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Figure 6 shows the dependences of the maximal Joseph-
son current I LR

c1 on the position of the central domain x0 with
respect to the weak link center for different values of the
thickness of the 90�-domain d2 with a stepwise profile of the
exchange field h�x� � hx0 � 04x4 d1; dÿ d3 4 x4 d �;
hy0 �d1 4 x4 d1� d2 �. The critical current is very sensitive
to the position of the central domain d2, and a noticeable
change in both the value and the sign of the current
accompanies the domain displacement. With the shift of the
domain d2 with respect to the center of the structure �x0 6� 0�,
a series of transitions between 0- and p-states occurs.
Interestingly, at a symmetric position of the domain d2
�d1 � d3�, the long-range supercurrent is negative �I LR

1 < 0�,
i.e., the long-range contribution generates a p-junction.
Hence, it seems to be possible to significantly change both
the value and the sign of the critical current Ic1 of the
Josephson weak link, i.e., to modify the current±phase
relation of the junction I�j� on the whole by magnetic tip
displacement, which modifies the position x0 and the proper-
ties of the induced inhomogeneity of the exchange field. The
strong dependence of the critical current Ic of the SFS
structure on the magnetic tip position x0 results in the
possibility of controlling the Josephson transport of SFS
systems by external manipulations of the spin structure of
the propagating Cooper pairs. As has been noted previously,
the first harmonic vanishes at the 0ÿp transition �I LR

c1 � 0�,
and the second harmonic of the current±phase relation
becomes dominant.

6. Conclusion

To summarize, we studied the novel mechanisms of the long-
range effect in the hybrid SFS structure in the ballistic regime
based on suppression of the destructive interference of
electron and hole states due to the ferromagnetic exchange
splitting of spin subbands. The spatial or momentum
dependence of the exchange field provides an efficient
mutual conversion from the spin-singlet (damped) super-
conducting correlations to the spin-triplet (undamped) ones.
As a result, the singlet part of the Cooper-pair wave function
decays slowly in the ferromagnet and the Josephson current
appears to be strongly enhanced. The strong interaction
between the superconducting and ferromagnetic subsystems

provides very efficient ways to manipulate the superfluid
(dissipation-free) transport via the control of the spin degree
of freedom, and must therefore satisfy a key requirement for
devices of superconducting spintronics and nanoplasmonics.

The authors thank the RAS program and the Russian
Foundation for Basic Research (project 15-02-04116). The
results in Sections 3 and 4 were obtained under the project
RSF 15-12-10020.

References

1. Holm R, Meissner W Z. Phys. 74 715 (1932)

2. Larkin A I, Ovchinnikov Yu N Sov. Phys. JETP 20 762 (1965); Zh.

Eksp. Teor. Fiz. 47 1136 (1964)

3. Fulde P, Ferrell R A Phys. Rev. 135 A550 (1964)

4. BuzdinA I, Bulaevskii LN, Panyukov SV JETPLett. 35 178 (1982);

Pis'ma Zh. Eksp. Teor. Fiz. 35 147 (1982)

5. BuzdinA I, KupriyanovMYu JETPLett. 53 321 (1991);Pis'maZh.

Eksp. Teor. Fiz. 53 308 (1991)

6. Buzdin A I, Bujicic B, Kupriyanov M Yu Sov. Phys. JETP 74 124

(1992); Zh. Eksp. Teor. Fiz. 101 231 (1992)

7. Bergeret F S, Volkov A F, Efetov K B Phys. Rev. Lett. 86 4096

(2001)

8. Kadigrobov A, Shekhter R I, Jonson M Europhys. Lett. 54 394

(2001)

9. Buzdin A I, Mel'nikov A S, Pugach N G Phys. Rev. B 83 144515

(2011)

10. Fominov Ya V, Volkov A F, Efetov K B Phys. Rev. B 75 104509

(2007)

11. Silaev M A Phys. Rev. B 79 184505 (2009)

12. Kalenkov M S, Zaikin A D, Petrashov V T Phys. Rev. Lett. 107

087003 (2011)

13. Linder J, Sudbù A Phys. Rev. B 75 134509 (2007)

14. Eschrig M, L�ofwander T Nature Phys. 4 138 (2008)

15. Andreev A F Sov. Phys. JETP 19 1228 (1964); Zh. Eksp. Teor. Fiz.

46 1823 (1964)

16. Blonder G E, Tinkham M, Klapwijk T M Phys. Rev. B 25 4515

(1982)

17. Falk D S Phys. Rev. 132 1576 (1963)

18. McMillan W L Phys. Rev. 175 559 (1968)

19. de Jong M J M, Beenakker C W J Phys. Rev. Lett. 74 1657 (1995)

20. Blanter Ya M, Hekking F W J Phys. Rev. B 69 024525 (2004)

21. Ryazanov VV et al. JETPLett. 77 39 (2003);Pis'maZh. Eksp. Teor.

Fiz. 77 43 (2003)

22. Wang J et al. Nature Phys. 6 389 (2010)

23. Bergeret F S, Volkov A F, Efetov K B Rev. Mod. Phys. 77 1321

(2005)

24. Giroud M et al. Phys. Rev. B 58 R11872 (1998)

25. Khaire T S et al. Phys. Rev. Lett. 104 137002 (2010)

26. Champel T, Eschrig M Phys. Rev. B 71 220506(R) (2005)

27. Ivanov D A, Fominov Ya V Phys. Rev. B 73 214524 (2006)

28. Houzet M, Buzdin A I Phys. Rev. B 76 060504(R) (2007)

29. Mel'nikov A S et al. Phys. Rev. Lett. 109 237006 (2012)

30. Konschelle F, Cayssol J, Buzdin A I Phys. Rev. B 78 134505 (2008)

31. Pajovi�c Z et al. Phys. Rev. B 74 184509 (2006)

32. Trifunovic L Phys. Rev. Lett. 107 047001 (2011)

33. Trifunovic L, Popovi�c Z, Radovi�c Z Phys. Rev. B 84 064511 (2011)

34. Kadigrobov A et al. Europhys. Lett. 67 948 (2004)

35. Eilenberger G Z. Phys. 214 195 (1968)

36. Samokhvalov A V, Shekhter R I, Buzdin A I Sci. Rep. 4 5671 (2014)

0.5

I
L
R

c1
=I

0

0

2

4
1

ÿ0.5

2 4 6 8 10

x0=xh

Figure 6. Dependence of the critical current I LR
c1 on the shift x0 of the

central 90�-domain d2: d2 � xh Ð blue dashed line; d2 � 2xh Ð red solid

line; d2 � 4xh Ðgreen dashed-dotted line. Symbols near the curves denote

the value d2=xh. Here, we choose T � 0:9Tc, d � 50xh; I0 �
�eTcN=8�h��D=Tc�2.
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