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Abstract

Taking into account spin-flip scattering at superconductor/half-metallic ferromagnet (S/F)
interfaces in S/F/S Josephson junctions, we extend the Blonder-Tinkham—Klapwijk approach
and novel Andreev reflection idea to studying the Josephson current and spatially dependent
superconducting order parameters for singlet and triplet pairing states. It is found that the novel
Andreev reflection at the F/S interfaces can result in electron—hole correlations in one spin
subband of the F and a large supercurrent of spin-equal pairing through a long half-metallic link.

1. Introduction

It is well known that a supercurrent could exist between two
superconductors (Ss) separated by a thin insulating layer (I)
in the absence of a voltage drop between them, which is the
so-called dc Josephson effect [1]. Its physical origin is the
breakdown of time-reversal symmetry in the S/I/S structure
due to the macroscopic phase difference ¢ between the two
Ss, yielding supercurrent Iy = I sin¢ with I, as the critical
current. The Josephson effect also exists if two Ss are
connected by a ‘weak link’ of any physical nature such as
normal metal, semiconductor, and geometrical constriction.
The physics of the dc Josephson effect with a weak link can
be understood by the Andreev reflection [2] (AR) processes
of quasiparticles with energy smaller than the superconducting
energy gap [3]. In the weak link region, an electron impinging
on one of the interfaces is Andreev reflected and converted
into a hole moving in the opposite direction, thus generating
a Cooper pair with opposite spins in one S. This hole is
consequently Andreev reflected at the second interface and is
converted back to an electron, leading to the destruction of the
Cooper pair in the other S. As a result of this cycle, a pair
of correlated electrons with opposite spins is transferred from
one S to another, creating a singlet supercurrent flow across the
junction [3].

If the weak link between the two Ss is a ferromagnetic
metal (F) thin film, similar characteristics of the Josephson
effect exist in S/F/S junctions. More interestingly, there
undoubtedly appear some particular effects in them, for carriers
passing through the F must feel spin-dependent potentials
as a result of the ferromagnetic exchange energy. The
Andreev process, recognized as the mechanism of normal to
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supercurrent conversion [2, 4], is modified at F/S interfaces
due to the spin imbalance in the F. The AR effect is suppressed
by increasing the exchange energy of the F due to occurrence
of virtual AR [5-8]. Owing to the Fermi surface difference
for spin-up and spin-down subbands, the AR may become
an evanescent wave depending on the injection angle of
the quasiparticle. An electron and the Andreev reflected
hole with different momenta and in opposite spin subbands
are correlated via the AR, thus providing an extension of
superconducting order parameter into the F region of length
of the order of &. Here & is the coherence length in
the F, inversely proportional to exchange energy hy if hg is
much smaller than the Fermi energy in the F [8]. It has
been shown that an inhomogeneous superconducting order
parameter can be induced by the proximity effect in a thin F
film in contact with an S [9], and in a weak F sandwiched
between two Ss [10], even though /) in the F is greater than
the superconducting pair potential in the S. It was observed
that there is a crossover from O to 7 state in S/F/S junctions
and the critical current exhibits damped-oscillatory behavior
with increasing F thickness, respectively, by Ryazanov et al
[10] in Nb/Cu,Ni;_,/Nb Josephson junctions and by Kontos
et al [11] in planar Nb/Al/Al,O3/PdNi/Nb junctions. Such
a damped-oscillatory behavior of I, with the F thickness has
been reproduced theoretically in the clean limit [12].

For a half-metallic F link with ko being greater than
the Fermi energy of the F, the Fermi level cuts across only
one spin subband, so that electronic bands exhibit metallic
behavior for one spin direction and insulating behavior for
the other. In this case, the singlet Cooper pair with opposite
spins cannot pass through the half-metallic F region, because
there is only one spin channel for electrons at the Fermi level.

© 2009 IOP Publishing Ltd  Printed in the UK
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Recently, Keizer et al [13] reported a long-range Josephson
supercurrent between two s-wave superconducting NbTiN
electrodes through a half-metallic CrO,. Since singlet Cooper
pairs cannot exist in the half-metallic F, it was assumed [13]
that a spin-triplet supercurrent passes through the half-metallic
F, and a conversion from spin-singlet to spin-triplet pairing
takes place at the F/S interfaces. To realize this conversion,
several theoretical works [14-20] have focused on the spin-
triplet supercurrent in the presence of spin-flip scattering,
most of which were based upon the quasiclassical Green’s
functions and Eilenberger equations [21, 22]. Recently, Niu
and Xing [23] considered an F/F/S tunnel junction in the clean
limit, where the two Fs have different magnetization directions.
The noncollinear magnetizations provide a spin-flip effect and
may give rise to a novel AR, in which the electron and the
Andreev reflected hole belong in the same spin subband, so
as to give a conversion from the spin-singlet pairing to a spin-
triplet one. It was further shown [24] that both the spin-flip
and broken time-reversal symmetry are conditions necessary
for giving rise to the novel AR and spin-triplet pairing states.

In this work we extend the approach developed by
Blonder, Tinkham, and Klapwijk (BTK) [4] to studying
the supercurrent in S/half-metallic F/S junctions by taking
into account interfacial potentials with spin-flip.  This
potential at the F/S interface can be regarded as an effective
interfacial potential of an F/F/S structure with noncollinear
magnetizations in the limit of the thickness of the middle F
layer tending to vanish. It is found that not only the usual
AR but also the novel AR may appear at F/S interfaces in the
presence of spin-flip scattering. As a result, there could be
two types of supercurrents through the F link: a short-distance
singlet supercurrent composed of correlated electron pairs
with opposite spins and a long-distance triplet supercurrent
composed of those with the same spin. The triplet one will play
a dominant role if the weak link F is half-metallic. From the
four-component Nambu spinor Green’s function obtained, we
further calculate superconducting order parameters for singlet
and triplet pairing states. Their spatial dependence in the
S/half-metallic F/S junction confirms that the supercurrent
through the half-metallic F link is composed of the correlated
electron pairs with equal spin, which are born of the novel AR
at the F/S interfaces.

2. Model and method

Consider an S/F/S Josephson junction consisting of two semi-
infinite Ss and an F interlayer of thickness d. The F and Ss are
separated by interfaces at x = 0 and d. The Ss are described
by the BCS Hamiltonian of a 4 x 4 matrix,

. Hol A6,
Hsc = . ), 1
5¢ (—iA(ry —HOI) )
where Hy = —h°V?/2m + V(x) — Eg, & is the spin

Pauli matrix, and / the unit matrix. The superconducting
pair potentials A are assumed to have the same magnitude
but different phases (¢p = 0 and ¢ = ¢), given by
Ax) = A(T)[O(—x) + exp(ip)O(x — d)]. Here A(T) is

the temperature-dependent energy gap that follows the BCS
relation A(T) = Agtanh[1.76(T./T — 1)] with T, the critical
temperature of the Ss, and ® (x) is the unit step function. The
F layer is assumed to be half-metallic, i.e. the Fermi level
cuts across the spin-up subband but not across the spin-down
subband. Its effective single particle Hamiltonian reads

. Hol + 26 0
Hp = 2 2 s | )
0 —Hol — %6,

with ho as the exchange energy. The interface scattering
potentials at x = 0 and d are described by a §-type form

A~ (Ul +Uso, 0

a ( 0 —U1f+U26y)[8(x)+8(x d)],
(©)

where U, is the interfacial scattering potential in the BTK

approach and U, is the spin-flip one, the latter being newly

suggested in this work.

We adopt the BTK approach [4] to study the S/F/S
junction. This approach has been widely applied to describing
quasiparticle states in Ss with spatially varying pair potentials.
For simplicity, the effective masses m are taken to be equal in
both F and S regions. In the present F/S junction with spin-
flip, the quasiparticle states must be expressed by four-spinor
wavefunctions, respectively, for the electron-like quasiparticle
(ELQ) and holelike quasiparticle (HLQ) with spin up and
down. From I-AISCI/A/ =E I/} we have four basis wavefunctions
of the left S: ¢, = (u,0,0,v)T, & = (0,u,—v,0)7,
é3 = (0, —v,u,0)7, and &, = (v,0,0,u)", in which k* =
\/ 2m(Ep + Q)/h* — kﬁ are the perpendicular components of
the wavevectors with k as the parallel component, u =

VA+Q/E)2,v = V(T =Q/E)/2, and @ = VE? — A%
If the spin-flip scattering is absent, the four-component BdG
equations may be decoupled into two sets of two-component
equations: one for the spin-up electron-like and spin-down
holelike quasiparticle wavefunctions ¢; and é4, the other for
¢3 and é,. Similarly, the basis wavefunctions of the right S
are given by &5 = (ue?,0,0,v)", & = (0, ue, —v,0)T,
é7 = (0,—e,u,0)T, and és = (ve'®,0,0,u)". In the F
region, where the situation is simpler, the basis wavefunctions
are fi = (1,0,0,07, > = (0,1,0,0)T, 5 = (0,0,1,0)T,
and f3 = (0,0,0, ).

There are eight types of quasiparticle injection processes
in an S/F/S junction: an ELQ (HLQ) with spin up (down)
incident on the left (right) interface from the left (right) S.
We show one of them below. Suppose a beam of spin-up
ELQ incident on the interface at x = 0 from the left S. With
general solution of the Bogoliubov—de Gennes equation, the
wavefunction in the left S is given by

1#1 (X) = élelkM + b1é1671k+x + b; ézeilk#c

1 ik A ik
+ ajese™ " +ajeqe™ ", “4)

for x < 0. Here coefficients by, b}, a, and a; correspond to
the normal reflection, the normal reflection with spin-flip, the
novel AR in the spin-up subband, and the usual AR process
in the spin-down subband, respectively. In the middle half-
metallic F layer of 0 < x < d, since there exist multi-reflected
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ELQ and HLQ, the wavefunction is given by

U1 (x) = efielt ¢ fret 4 f freTKE 4 f e
+ gfgeikhx =+ g/ﬁ;e"hx + h]%e—ikhx + h/ﬁ;e_'(hx, )

where k., = \/ 2m(Eg + E)/h* — kﬁ are the perpendicular

components of the wavevectors for the electron and hole in the

spin-up subband and «., = \/2m(h0 —ErF E)/h2 + k” are
the imaginary wavevectors in the spin-down subband. In the
right S region of x > d, we have

ik, x ik, x

Y (x) = ciése +C;é‘\66 +d;é7e_ik’x +d]ége_ik’x. (6)
All 16 coefficients in equations (4)—(6) can be determined by
matching the conditions at the left and right interfaces. For
example, the matching conditions for the wavefunctions at the

left interface are given by

W (07) = Wy (07), (7
i W (01) i Wi (07)
dax ! A8x !
Z\1 + Z»6, 0
=2k ~ v, (0), 8
F< ) 2i— 26, ) YO (8)

where Z; = U,/hkg and Z, = U,/hkg are dimensionless
parameters describing the interfacial scattering with spin
unchanged and with spin-flip, respectively. The wavefunctions
for the other seven types of quasiparticle injection processes
can be obtained in a similar way, which are v, V3, and ¥4 for
the quasiparticle propagating from left to right, and s, ¥, ¥7,
and g for that propagating from right to left.

Next, we wish to construct the Nambu spinor Green’s
function in the S/F/S structure. For the quasiparticle propagat-
ing towards the right (left), there are four wavefunctions with
outgoing boundary conditions to the right (left), v, ¥, V3,
and Y4 (¥s, Ve, Y7, and ¥g), and also four wavefunctions with
1ncom1ng boundary conditions to the left (right), wl, ‘ﬁz’ WS,
and ¥4 (Y5, Ve, 1//7, and ) [25]. As an example, ¥ (x) =
ele‘k+x forx < 0, 1#1 (x) = c1ése ¥ +r1ése™ 1"*"+c eeelk ¥ 4
riége kX dfere kT 451 7€l 4 dy ege TR —i—slege"‘ * for
x > d, and &1 (x) has the same form as that for ¥ (x) given
by equation (5) for 0 < x < d. With these wavefunctions, the
retarded Green'’s functions are given by [25-27]

4 4
DD (v (),

G'(x>x;E)=
i=1 j=1
)
8 8 ~
G'(x <x5E)=") % BtV (x),
i= j=5
which satisfy the following equation:
(E — H)G"(x,x; E) = K§(x — x),
with
- I 0
K= < 0 1) : (10)

The coefficients «;; and B;; can be determined by
satisfying the following boundary conditions: G"(x,x +

0", E) = G"(x,x — 0", E), and dG"(x, x’, E) /dX |y=y 10+ —
dG"(x, x', E)/dx | =y —0+ = (2m/h2)K After carrying out a
little tedious calculation, we can get the 4 x 4 retarded Green’s
functions. The dc Josephson current at a given temperature can
be expressed by the Andreev reflection amplitudes in terms of
the finite-temperature Green’s function formalism as

ethT .
= i (55~ 5 ) DL Gk

ku Wy

kBTeA Z Z kY (wy) + k™ (wy)

kH wy
» ay(wn, @) — ax(wy, @) az(wy, @) — as(wn, ¢)
k*(wn) k= (wn)
(11)
where w, = (2n + 1)mwkgT are the Matsubara frequencies

withn = 0, £1, £2, ..., and Q, = Jo? + AX(T). kT (w,),
k™ (w,), and a;(iw,, ¢) with i = 1, 2, 3, 4 are obtained from
kT, k, and a; by analytically continuing E to iw,. The
superconducting order parameters Fj4(x) for singlet pairing
and Fj3(x) for spin-equal pairing are determined by the
corresponding off-diagonal component of the Green’s function
with x = x/,

Fii(x) = / dE Im[Gy;(x, x, ky, E)]. (12)
Ky

3. Results and discussion

First, we wish to point out that although a; in equation (11) is
the usual AR coefficient of an electron on the left S side in the
ith process, via the spin-flip at the S/F interface, it is closely
related to the novel AR one of a hole on the F side. The former
(usual AR) indicates the destruction of a Cooper pair with
opposite spins in the left S, and the latter (novel AR) stands
for the creation of a pair of correlated electrons with equal
spin in the middle F. The physical picture of the Josephson
supercurrent with spin-equal pairing through a half-metallic F
is as follows. In the half-metallic F, a spin-up electron moving
towards right is novelly Andreev reflected at the right F/S
interface and converted into a hole moving towards left still
in the spin-up subband; at the same time, via the interfacial
spin-flip, a Cooper pair with opposite spins is generated in the
right S. Then, this hole moving towards left is novelly Andreev
reflected at the left S/F interface and is converted back to a
spin-up electron, leading to the destruction of the Cooper pair
in the left S. After this cycle, a pair of correlated electrons
with equal spin is transferred from the left interface to the right
one. As aresult, via the interfacial spin-flip, a Cooper pair with
opposite spins is destroyed in the left S and created in the right
S.

In what follows we calculate the critical current /. from
equation (11), and superconducting order parameters Fi4(x)
and Fi3(x) from equation (12). It is assumed that the spin-
up band of the F and the energy band of the S have the
same energy zero point. Parameters used in the calculation
are ho/Er = 2.2, which satisfies the half-metallic condition
ho > Eg, Efp = 1000A, and kgT = 0.1A(. The numerical
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Figure 1. Critical current /. as a function of the thickness of the
middle FM layer for Z, = 0.05 (solid line) and Z, = 0 (dashed line
as well as in the inset). Here kg7 = 0.14A, Er = 1000A,,

hoy = 2200A, and Z; = 0.75 are taken.

calculation indicates that I. is a fast-oscillated function of
thickness d of the half-metallic F layer on an atomic scale.
Taking its average, we plot in figure 1 the superconducting
critical current /. in an S/F/S Josephson junction as a function
of d, in which I. (d = 0) is taken as the unit of current. It
is found that, in the presence of interfacial spin-flip (Z, # 0),
I. decreases slowly with increasing d, and has a finite value
even when d is equal to several hundreds of nanometers. This
indicates that the decaying length is of the same order of
magnitude as the superconducting coherent length in bulk S.
On the other hand, /. decreases rapidly in the absence of spin-
flip (Z, = 0), as shown in the inset of figure 1, which stems
from the fact that /. decays exponentially with kd. From the
line slope in the inset, it is estimated that the decay length 1/«
is on the order of /i //2m (hy — Ep) for a half-metallic F. Such
a big difference between the two cases in the decay length for /.
may be understood by the following argument. In the Z, # 0
case, the novel AR gives rise to the correlated electron pair with
equal spin, which can pass through the half-metallic F with one
spin channel at Eg; while in the Z, = 0 case, there is only a
singlet electron pair that cannot pass through the half-metallic
F

To confirm the argument above, in figure 2 we show
calculated results for the spatial variation of superconducting
order parameters for singlet and triplet pairing in the O-state
S/half-metallic F/S Josephson junction. In figure 2(a), the
singlet order parameter Fj4(x) exists only in the S regions of
x < 0and x > d, and vanishes in the middle F region of
0 < x < d due to lack of two spin channels at Ep. In contrast,
the order parameter Fjs for the spin-equal pairing appears in
the whole half-metallic region, as shown in figure 2(b). It is
diminished slowly with distance from the F/S interface and
exhibits a minimum at the center of the F layer. The finite
Fi3(x) in the half-metallic F is a result of interference of the
correlated electrons and holes in the same spin subband, and
stems from the novel AR at the F/S interfaces. It then follows
that the appearance of /. and Fj3(x) in the half-metallic F is of
the same origin, the coherence of electron and hole in one spin
subband via the novel Andreev bound states. With increasing

a 1.0 T T T
|
i
. |
w094 | i
i i
i i
0.8 T t T f T
0.5 0.0 0.5 1.0 1.5
x/d
b 0015 . . . T : , - -
0.010 4
o
0.005
0.000 T
0.5
x/d

Figure 2. Spatial variation of superconducting order parameters Fi4
(a) and Fi3 (b) in the unit of Fy4 of bulk S. Here kpd = 500 and other
parameters are the same as in figure 1, and the interfaces are
indicated by the dashed lines.

d, the coherence-broken effect is enhanced, producing a slow
decrease in Fi3(x) and 1.

In summary, the BTK theory approach has been extended
to studying the Josephson supercurrent through a long half-
metallic link in the S/F/S junction by taking into account an
interfacial Hamiltonian of a 4 x 4 matrix, including spin-flip
scattering. A new expression for the Josephson critical current
is obtained, which is closely related to the AR coefficients, the
usual AR ones in the Ss or the novel AR ones in the middle
F. A clean physical picture is given of how the singlet Cooper
pair with opposite spins is transferred from one S to the other
via the correlated electron flow in one spin subband of the
middle half-metallic F link. It is shown that the novel AR
at the F/S interfaces plays a dominant role in the conversion
from the spin-singlet to spin-equal pairing, giving rise to a
long superconducting coherent length in the middle F. The
S/half-metallic F/S Josephson junction could exhibit a large
supercurrent even when the F thickness reaches the order of
magnitude of the coherent length in bulk S.

Acknowledgments

This work was supported by the State Key Program for
Basic Research of China under grants Nos 2006CB921803



J. Phys.: Condens. Matter 21 (2009) 385703

Z M Zheng and D Y Xing

and

2004CB619004. ZMZ was partly supported by the

National Natural Science Foundation of China under grant
No 10504011.

References

(1]
(2]
(3]
(4]

(3]
(6]

(7]
(8]

(91

[10]

(1]

Josephson B D 1962 Phys. Lett. 1251

Andreev A F 1964 Phys. JEPT 19 128

Golubov A A, Kupriyanov M Yu and II’ichev E 2004 Rev. Mod.
Phys. 76 411

Blonder G E, Tinkham M and Klapwijk T M 1982 Phys. Rev. B
254515

Zhu J X, Friedman B and Ting C S 1999 Phys. Rev. B 59 9558

Kashiwaya S, Tanaka Y, Yoshida N and Beasley M R 1999
Phys. Rev. B 60 3572

Zutic I and Valls O T 2000 Phys. Rev. B 61 1555

Dong Z C, Xing D 'Y, Wang Z D, Zheng Z M and Dong ] M
2001 Phys. Rev. B 63 144520

Kontos T, Aprili M, Lesueur J and Grison X 2001 Phys. Rev.
Lett. 86 304

Ryazanov V V, Oboznov V A, Rusanov A Yu,
Veretennikov A V, Golubov A A and Aarts J 2001 Phys.
Rev. Lett. 86 2427

Kontos T, Aprili M, Lesueur J, Genét F, Stephanidis B and
Boursier R 2002 Phys. Rev. Lett. 89 137007

[12]
[13]
[14]
[15]
[16]
[17]
[18]

[19]
(20]

(21]

(22]

(23]
[24]

[25]
[26]

(27]

Yang L Y, Yang Z M and Xing D 'Y 2005 Eur. Phys. J. B
47 479

Keizer R S, Goennenwein S T B, Klapwijk T M, Miao G,
Xiao G and Gupta A 2006 Nature 439 825

Eschrig M et al 2003 Phys. Rev. Lett. 90 137003

Eschrig M er al 2007 J. Low Temp. Phys. 147 457

Houzet M and Buzdin A 12007 Phys. Rev. B 76 060504(R)

Eschrig M and Lofwander T 2008 Nat. Phys. 4 138

Grein R, Eschrig M, Metalidis G and Schon G 2009 Phys. Rev.
Lerr. 102 227005

Braude V and Nazarov Yu 2007 Phys. Rev. Lett. 98 077003

Asano Y, Tanaka Y and Golubov A A 2007 Phys. Rev. Lett.
98 107002

Schmid A and Schon G 1975 J. Low Temp. Phys. 20 207

Serene J W et al 1983 Phys. Rep. 101 221

Eilenberger G 1968 Z. Phys. 214 195

Larkin A I and Ovchinnikov Y N 1968 Zh. Eksp. Teor. Fiz. 55
2262

Larkin A I and Ovchinnikov Y N 1969 Sov. Phys.—JETP 28
1200 (Engl. Transl.)

Niu Z P and Xing D Y 2007 Phys. Rev. Lett. 98 057005

Feng C, D, Zheng Z M, Ji Y Q, Niu Z P and Xing D Y 2008
J. Appl. Phys. 103 023921

McMillan W L 1968 Phys. Rev. 175 559

Furusaki A, Takayanagi H and Tsukada M 1992 Phys. Rev. B
45 10563

Kashiwaya S and Tanaka Y 2000 Rep. Prog. Phys. 63 1641


http://dx.doi.org/10.1016/0031-9163(62)91369-0
http://dx.doi.org/10.1103/RevModPhys.76.411
http://dx.doi.org/10.1103/PhysRevB.25.4515
http://dx.doi.org/10.1103/PhysRevB.59.9558
http://dx.doi.org/10.1103/PhysRevB.60.3572
http://dx.doi.org/10.1103/PhysRevB.61.1555
http://dx.doi.org/10.1103/PhysRevB.63.144520
http://dx.doi.org/10.1103/PhysRevLett.86.304
http://dx.doi.org/10.1103/PhysRevLett.86.2427
http://dx.doi.org/10.1103/PhysRevLett.89.137007
http://dx.doi.org/10.1140/epjb/e2005-00361-6
http://dx.doi.org/10.1038/nature04499
http://dx.doi.org/10.1103/PhysRevLett.90.137003
http://dx.doi.org/10.1007/s10909-007-9329-6
http://dx.doi.org/10.1038/nphys831
http://dx.doi.org/10.1103/PhysRevLett.102.227005
http://dx.doi.org/10.1103/PhysRevLett.98.077003
http://dx.doi.org/10.1103/PhysRevLett.98.107002
http://dx.doi.org/10.1007/BF00115264
http://dx.doi.org/10.1016/0370-1573(83)90051-0
http://dx.doi.org/10.1007/BF01379803
http://dx.doi.org/10.1103/PhysRevLett.98.057005
http://dx.doi.org/10.1063/1.2837059
http://dx.doi.org/10.1103/PhysRev.175.559
http://dx.doi.org/10.1103/PhysRevB.45.10563
http://dx.doi.org/10.1088/0034-4885/63/10/202

	1. Introduction
	2. Model and method
	3. Results and discussion
	Acknowledgments
	References

