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We propose a Josephson device in which 0 and 7 states are controlled by an electrical current. In this
system, the 7 state appears in a superconductor/normal metal/superconductor junction due to the nonlocal spin
accumulation in the normal metal which is induced by spin injection from a ferromagnetic electrode. Our
proposal offers not only possibilities for the application of superconducting spin-electronic devices but also the
in-depth understanding of the spin-dependent phenomena in magnetic nanostructures.
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Nowadays spin-electronics is one of the central topics in
condensed matter physics.!3 There has been considerable
interest in the spin injection, accumulation, transport, and
detection in ferromagnet/normal metal (F/N) hybrid
structures.*~'% Twenty years ago, Johnson and Silsbee dem-
onstrated the spin injection and detection in a F/N/F structure
for the first time.* Recently, spin accumulation has been ob-
served at room temperature in all-metallic spin-valve geom-
etry consisting of a F/N/F junction by Jedema et al.’ In their
system, the spin-polarized bias current is applied at one F/N
junction, and the voltage is measured at another F/N inter-
face, for the parallel (P) and antiparallel (AP) alignments of
the Fs magnetizations. They observed the difference of the
nonlocal voltages between the P and AP alignments due to
spin accumulation in N. Also in a F/I/N/I/F (I indicates an
insulator) structure, clear evidence of spin accumulation in N
has been shown.® In hybrid structures consisting of a ferro-
magnet and a superconductor (S), a suppression of the super-
conductivity due to spin accumulation in S has been studied
theoretically and experimentally.'!~!3

Furthermore, ferromagnetic Josephson (S/F/S) junctions
have been studied actively in recent years.'*"!° In the S/F/S
junctions, the pair potential oscillates spatially due to the
exchange interaction in F.'*!5 When the pair potentials in
two Ss take different sign, the direction of the Josephson
current is reversed compared to that in ordinary Josephson
junctions. This state is called the 7 state in contrast with the
0 state in ordinary Josephson junctions because the current-
phase relation of the 7 state is shifted by “#” compared to
that of the O state. The observations of the 7 state have been
reported in various systems experimentally.'®!° The applica-
tions of the 7 state to quantum computing also have been
proposed.’?2 Another system to realize the 7 state is a
S/N/S junction with a voltage-control channel.?>?* In the sys-
tem, the nonequilibrium electron distribution in N induced
by the bias voltage plays an important role, and the sign
reversal of the Josephson critical current as a function of the
control voltage has been demonstrated.?32*

In this paper, we propose a Josephson device in which the
0 and 7 states are controlled electrically. In this device, spin
accumulation is generated in a nonmagnetic metal by the
spin-polarized bias current flowing into the nonmagnetic
metal from a ferromagnet. In a metallic Josephson junction
consisting of the spin accumulated nonmagnetic metal sand-
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wiched by two superconductors, the 7 state appears due to
the spin split of the electrochemical potential in the nonmag-
netic metal. The magnitude of the spin accumulation is pro-
portional to the value of the spin-polarized bias current, and
therefore the state of the Josephson junction is controlled by
the current. Our proposal leads to an in-depth understanding
of the spin-dependent phenomena in magnetic nanostructures
as well as possibilities for the application of superconducting
spin-electronic devices.

We consider a magnetic nanostructure with two supercon-
ductors as shown in Fig. 1. The device consists of a nonmag-
netic metal N (the width wy, the thickness dy) which is con-
nected to a ferromagnetic metal F (the width wg, the
thickness dr) at x=0 and sandwiched by two superconduct-
ors S1, S2 located at x=L. In this device, the electrode F
plays a role as a spin-injector to the electrode N, and the
S1/N/S2 junction is a metallic Josephson junction. The spin-
diffusion length Ay in N is much longer than the length A in
E*8 and we consider the structure with dimensions of A
< (Wn(r)»dn@r) <Ay which is a realistic geometry.>

In the electrodes N and F, the electrical current with spin
o is expressed as

Jjo=-(0,/e)V iy, (1)

where o, and u, are the electrical conductivity and the elec-
trochemical potential (ECP) for spin o, respectively. Here
ECP is defined as u,=¢€,+e¢d, where €, is the chemical po-
tential of electrons with spin o and ¢ is the electric potential.
From the continuity equation for charge, V-(j;+j;)=0, and
that for spin, V-(j;—j;)=ed(n,—n )/t (n, is the carrier den-

sity for spin ), we obtain®10
V2(UT/’LT + U'L,ui) =0, ()
V(e = ) = (g — ) )IN2, (3)

where )\:\s’% is the spin diffusion length with the diffu-
sion constant D=(NT+Ni)/(NTDI] +NLD¥') (N, and D, are
the density of states and the diffusion constant for spin o,
respectively) and the scattering time of an electron 7,
=2/ (’Thl+ TITI) (7,5 is the scattering time of an electron from
spin o to @). In order to derive Egs. (2) and (3), we take the
relaxation-time approximation for the carrier density,
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FIG. 1. Structure of a controllable 7 junction with magnetic
nanostructures. The bias current / flows from a ferromagnet (F) to
the left side of a normal metal (N). The Josephson current I; flows
in a superconductor/normal metal/superconductor (S1/N/S2) junc-
tion located at x=L.

dn,l dt=—bn,l 7,5 and use the relations o,=e’N,D, and
ong=N o€, where on, and o€, are the carrier density de-
viation from equilibrium and the shift in the chemical poten-
tial from its equilibrium value for spin o, respectlvely In
addition, the detailed balance equation NTTT L_N 17” is also
used We use the notations oy= 20‘111—20'N in N and og= o-ll
+0} (0], # o) in F hereafter.

At the interface between N and F, the interfacial current
I, flows due to the difference of ECPs in N and F: I,
=(Gy/e)(uf] .-+ — #%l.=0-), where G, is the spin-dependent
interfacial conductance. We define the interfacial charge and
spin currents as /=1I;+/ and Ig;,=1;—1, respectively. The
spin-flip effect at the interface is neglected for simplicity. In
the electrode N with the thickness and the contact dimen-
sions being much smaller than the spin-diffusion length
(dn,wNn-WE<<\y), ug varies only in the x direction.® The
charge and spin current densities in N, j=j;+j; and jg,
=jy—J,» are derived from Egs. (1)-(3), and satisfy the conti-
nuity conditions at the interface: j=1/Ay and jgin=Ipin/ An;
where Ay=wydy 1s the cross-sectional area of N. From these
conditions, we obtain ECP in N, ug(x)=ux+0duy, where
un=(el/ongAn)x for x<0, mn=0 for x>0, and Juy
=(eAndgpin/ 203An)e AN In the electrode F, the spin split of
ECP, duy. decays in the z-direction because the thickness of
F and the dimension of the interface are much larger than the
spin-diffusion length in F (dg, wx,wr> \g).% In a similar way
to the case of N, ECP in F is obtained from the continuity
conditions for charge and spin currents. ECP in F is ex-
pressed as up(z) =mp+odup, where up=(el/ opAy)z+eV and
Sug=[eNp(ppl — 1) 1207A;]e™F with the contact area A;
=wnWr, the voltage drop at the interface V=(ur—my)/e, and
the polarization of the current in F, sz(O';—oll:)/ og. The
influence of the electrodes S1 and S2 on ECP in N may be
neglected. When the superconducting gap in S1 and S2 is
much larger than the spin split duy at x=L, almost no qua-
siparticle is excited above the gap at low temperature. There-
fore, the spin current does not flow into S1 and S2, and the
behavior of ECP in N is not modified by the connection to
the electrodes S1 and S2.

In order to obtain the relation between the bias current /
and the shift of ECP, Suy, at the right side in N (x>0), we
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FIG. 2. Spatial variation of the split of the electrochemical po-
tential in N. The solid line is for the tunnel-limit case (R
>Ny, Rp), the dashed, dotted, and dot-dashed lines are for the
metallic-limit cases (R=0) with r=Rp/Rx=0.01, 0.1, and 0.2,
respectively.

substitute the obtained ug and uf for the expressions of /
and /Iy, and eliminate V. As a result, we obtain the relation
between / and /Iy, and finally we get the relation between /
and Suy as follows:

JP (9‘{ ) ; (9‘:>
1- ? N 1—17}: N
) =R N
y(x) = e Nl B ( R) 2 (9‘11:)6
+ =
I—P? D‘iN l_pF mN

(4)

where Ry=An/(onAN) and Rp=Ap/(0pA;) indicate the
nonequilibrium resistances of N and F, respectively, R
=G‘1=(GT+GL)‘1 is the interfacial resistance, and P
=(G1=G))/G is the polarization of the interfacial current.
When the F/N interface is the tunnel junction (R>Ry,Rp),
Eq. (4) reduces to a simple form Suy(x)=(eRNIP;/2)e ™M,
On the other hand, when the F/N junction is of a metallic
contact (R=0), Eq. (4) becomes Juy(x)=eRnIppre™ N/
2r+(1 _pl%))’ where r=9Rg/NRy is a mismatch factor of the
resistances in F and N. Figure 2 shows the spacial variation
of Sux(x) both for the tunnel- and metallic-limit cases with
Py=0.4 and pp=0.6 (Refs. 1 and 25). As shown in this figure,
in the case of the metallic contact, Suy becomes larger with
decreasing the resistance mismatch.®

Next we consider how spin accumulation affects the Jo-
sephson current /; flowing through the S1/N/S2 junction lo-
cated at x=L (Fig. 1). In the metallic Josephson junction, the
Andreev bound state plays a key role for the Josephson
effect.'82® The Andreev bound state is formed by a multiple
Andreev reflection of an electron with the wave number &,
—(\r2m/ﬁ)\EF+E and a hole with k;,= (\2m/h)\EF E, re-
spectively, where E is the energy of the electron and hole
measured from the Fermi energy Er. As shown in Fig. 3,
when there is the spin split Suy in N, a spin-up (-down)
electron with the energy E= Suy (=8uy) is injected into S
from N at low temperatures. The injected electron captures
another electron with the energy E=~—duy (Suy) from the
opposite spin band in order to form a Cooper pair in S.
Therefore, a spin-up (-down) hole with the energy E= Suy
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FIG. 3. Schematic diagram of energy vs momentum in the An-
dreev reflection when there is spin accumulation in N. The filled
and open circles represent an electron and a hole, respectively. In N,
the solid and dashed lines denote electron and hole bands, respec-
tively, the shaded area indicates an occupation by electrons. In the
Andreev reflection, a spin-up electron (a) injected into Ss captures
another electron with spin down (b), and a spin-up hole (b’) is
reflected back to N.

(=8uy) is reflected back to N (Andreev reflection).”® In
other_ words, the spin-up (-down) electron with k,
~(\2m/ h)\Ep+(=) Suy and the spin-up (-down) hole with
k= (\2m/ h)\Ep—(+) Sy mainly contribute to the forma-
tion of a Cooper pair. Note that the values of the wave num-
bers k, and k;, differ due to the spin split duy in contrast with
the case of a no spin split (Suy=0) in which k,=k;,.

The split Suy corresponds to the exchange energy E,,
of a ferromagnet in a superconductor/ferromagnet/
superconductor (S/F/S) Josephson junction as follows:!4~1°
In the S/F/S systems, Cooper pairs are formed by the
Andreev reflection _of spin-o_electrons with the wave
number k. =~ (\2m/#h)VEp+0E,, and holes with kj
~(\e’%/ﬁ)\s'EF—0'Eex at the energy E~0. In the case that
the exchange interaction is much weaker than the Fermi en-
ergy (E,.<Ep), the stable state (0 or ) in the system de-
pends on the dimensionless parameter ap=(E,,/Ep)(kpdp),
where dr is the thickness of F and kj is the Fermi wave
number.'® At a=0 the system is in the O state, and the first
0-7r transition occurs at ag=1/2, and then the system is in
the 7 state at ap=.'% Because the value of E,, is fixed in
the S/F/S system, the O and = states change periodically
with the period 27(Ep/E,,) as a function of dp. As a result,
the dp dependence of the Josephson critical current shows a
cusp structure and the critical current becomes minimum at
the 0-7r transition.!”-1

In analogy with the case of the S/F/S junction discussed
above, when there is spin accumulation in N as shown in Fig.
3, the 0 or 7 state is realized in the S1/N/S2 junction depend-
ing on the parameter a=(Suy/Ep)(kpwy). In this case, the
width wy is fixed, and the O and 7 states are controlled
through the value of Suy which is proportional to the bias
current I [see Eq. (4)]. The N part of the system is in the
nonequilibrium state by the spin current in contrast with F in
the equilibrium state of the S/F/S junction. However, one can
discuss the critical current in the nonequilibrium S1/N/S2
junction in the same way as the equilibrium S/F/S junction
because the critical current is dominated by the energy of the
quasiparticles in N, not by the flow of the current.?>?* Al-
though we discuss the single-channel Josephson junction for
simplicity so far, in the multichannel case the Josephson cou-
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pling varies in the x direction because the spin split of ECP
decays in the x direction. The total Josephson coupling is
expressed as an integral of the local Josephson coupling for
the x direction, and therefore the ground state in the Joseph-
son junction shows a similar dependence on the bias current
to that in the single-channel case.

From the point of view of a more detailed description, the
free energy in the system is obtained by the summation of
the energy of the Andreev bound states.”’ The bound state
energy is calculated from the Bogoliubov—de Gennes
equation,”’ and the free energy is minimum for the phase
difference 0 () for the O (7) state. In the S1/N/S2 junction
with no spin accumulation in N (Sux=0), the bound states
with the energy E>0 contribute to the free energy. On the
other hand, when the spin accumulation exists in N, the
spin-up (-down) bound states with the energy E> Suy
(=8uy) contribute to the free energy because ECP is shifted
by Sux (=8uy) in N. The 0-7r transition occurs due to the
shift of the energy region of the Andreev bound states which
contribute to the free energy.

As an example, we consider the case that the F/N inter-
face consists of a tunnel junction. The material parameters
P;=04, pN=0';,1:2 ud cm, Ay=1 um, wy=800 nm, and
dn=10 nm, which lead to PRy=2.5 (), are taken. The dis-
tance between F and Ss is taken to be L=500 nm. When no
bias current is applied between F and N (7=0), the S1/N/S2
junction is in the ordinary O state because there is no spin
split of ECP (Sun=0). With increasing the bias current, the
magnitude of the Josephson critical current decreases be-
cause the parameter « increases due to the increase of the
spin split. When the bias current reaches the value /=1
~3 mA which induces the spin split duy=1 meV at x
=500 nm, the parameter = w/2 and the first transition to
the 7 state from the O state occurs (the values of Er=5 eV
and kp=1 A" are taken).2® As a result, the magnitude of the
Josephson critical current takes its minimum at /=1, and
increases with the increasing bias current />1,. When the
bias current attains /=21, the magnitude of the Josephson
critical current becomes maximum because of a= 1, and
decreases with the increasing bias current />21[,. For [
=31, corresponding to a=3 /2, the second transition to the
0 state from the 7 state occurs.

Here we discuss the effect of the spin accumulation on the
superconducting gap.!' The spin split Suy at x=L in N
causes the split of ECP of Ss by duy near the S/N interfaces.
The spin split in Ss decreases exponentially with the spin-
diffusion length \g from the interface. In the superconduct-
ors, the superconducting gap is not suppressed by spin accu-
mulation until Suy exceeds the critical value of the spin split
Sune-'' At low temperatures much lower than the supercon-
ducting critical temperature (T<<T.), the critical value of the
spin split is obtained as JSuyn.<A, by solving the gap
equation,'! where A, is the superconducting gap for Suy
=0 at 7=0. In the case discussed above, Suy=1 meV at the
first 0-7r transition (a=m/2). For example, Ay~ 1.5 meV
for niobium,?® and therefore the superconducting gap is al-
most not affected by the spin accumulation at the first 0-7
transition. When superconductors with the higher value of
T,, e.g., MgB, (T.=~39 K)* or high-T, materials (T, is sev-
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eral 10 Ks),? are used as the electrodes S1 and S2, the su-
perconductivity is robust even at the second (Sux=3 meV,
a=~31/2) and higher 0-7r transitions.

In summary, we have proposed the Josephson device in
which the 0 and 7 states are controlled electrically. The spin
split of the electrochemical potential is induced in the elec-
trode N by the spin-polarized bias current flowing from F to
N. The 7 state appears in the S1/N/S2 junction due to the
nonlocal spin accumulation in N. Because the magnitude of
the spin accumulation is proportional to the value of the
spin-polarized bias current, the 0 and 7 states of the Joseph-
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son junction are controlled by the current. Our proposal pro-
vides not only possibilities for the application of supercon-
ducting spin-electronic devices but also a deeper
understanding of the spin-dependent phenomena in the mag-
netic nanostructures.
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