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Abstract

We report a theoretical study on a hybrid Josephson junction consisting of a proposed s;-wave
ferropnictide superconductor and a p-wave superconductor. It is found that the relative & phase
shift intrinsic to the s-wave pairing can lead to an accumulated spin reversal effect at the
junction interface and that the critical current has a vanishing point with the variation of the
ratio of the interface resistances for each band. The spin reversal effect also appears with an
increase of temperature and meanwhile the critical current exhibits a reentrant behavior. These
findings can not appear for a usual s-wave state, so that they can be used to discriminate the
s4-wave pairing in superconducting ferropnictides from the conventional s-wave symmetry.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Recently, the discovery of superconductivity in ferropnictides
has triggered a surge of investigations in the research
community and many research works were dedicated to this
field [1-4]. For all the newly discovered superconductors (S),
the principal task is to determine the order parameter symmetry
of superconductivity. The ferropnictides have a complex band
structure [5, 6], in which the Fermi surface consists of four
sheets, two of which are hole-like and the other two are
electron-like. All possible order parameter symmetries [7-9],
such as s-wave, d-wave, and p-wave, have been proposed to
account for its superconductivity; for example, the experiments
on nuclear magnetic resonance [10, 11], the penetration
depth [12, 13], and specific heat [14] revealed the signature of
the nodes in the gap, whereas angular resolved photoemission
spectroscopy [15] clearly showed the presence of the gap at all
points on the Fermi surface.

At present there is no conclusive agreement on the order
parameter symmetry of the ferropnictides S, but the so-called
s+ pairing symmetry [9, 16] is the leading contender, i.e.,
the Fermi surface is fully gapped and the gap functions
for the electron and hole pockets have opposite signs. In
order to distinguish it from the conventional s-wave pairing,
many theoretic works were dedicated to studying its quantum
transport properties [17-27]. For instance, the Andreev bound

0953-8984/10/225701+06$30.00

state (ABS) [17] at the material surface has been proposed to
identify the si-wave pairing, since the reflected quasiparticle
may feel the opposite sign of the S order parameter through the
interband scattering, however, this ABS has its own drawback
that it is energy-continuous and k-dependent and thus there is
no outstanding peak in the density of states or the differential
conductance in the energy gap. Moreover, the measurement
based on the polycrystalline sample may smear the ABS effect
due to its momentum dependence.

Other transport properties for s -wave pairing which have
been studied include the multiband tunneling spectroscopy
with the help of the BTK theory [18-20], and various
Josephson effects in different junction structures [21-25].
Among these, the predicted O—r transition [26, 27] in the s/s
junction seems attractive since its experimental measurement
is straightforward and not limited to single crystal samples.
The O—r transition in the S/FM/S junction (FM: ferromagnetic
metal) has been extensively studied [28] and its key mechanism
is the tunneling Cooper pair in the FM region having a nonzero
momentum due to the FM exchange splitting. The newly
predicted O—7 transition [26, 27] in s/s+ junction comes from
the relative internal phase shift between the two bands in
the s -wave S as well as the unequal interface resistance for
the two bands; so one can modulate the transparency of the
junction and even the temperature to realize the reversal of the
critical current.

© 2010 IOP Publishing Ltd  Printed in the UK & the USA
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Recently, Sengupta et al [29] and Lu et al [30] have found
that a spontaneous spin accumulation forms at the interface
of the hybrid conventional s-wave/p-wave (s/p) Josephson
junction and the spin polarization is along the d vector of
the p-wave S. The physical origin is ascribed to the different
spin pairing states and the orbital symmetries of the Cooper
pairs. We notice that when an si-wave S and p-wave S
constitute a Josephson junction (s1/p), the spin accumulation
will disappear or its direction can be reversed by modulating
the interface resistances for the two bands of the s.-wave
S, while the spin reversal effect can be readily measured
in experiments by the optical Kerr effect or an SQUID.
Thus in this work, we study the spin accumulation at the
interface of a hybrid si/p junction and consider the possible
interband scattering effect using a minimal model. It is
shown that the accumulated spin at the interface can be
reversed by modulating the interface transparency and also
by the temperature, the Josephson current exhibits a clear
vanishing point with variation of the ratio of the interface
resistances, and a reentrant behavior with temperature, which
are solely explained by the relative phase shift between the
two bands in the sy-wave S. The phenomena found can not
occur in a conventional s/p junction, so this hybrid junction
can be used to discriminate the s-wave from the usual s-wave
pairing. Moreover, the predicted spin reversal is qualitatively
independent of the interband scattering strength.

The organization of this paper is as follows. In section 2,
we present the theoretical model and the formulae for the
calculation of spin density and supercurrent in a conventional
s/p junction. In section 3, the si/p Josephson junction is
studied with same method introduced in section 2. Finally, a
brief conclusion is drawn in section 4.

2. s/p junction

In this section, we focus on the spin accumulation in
a conventional s/p junction because, although the hybrid
s/p junction [31] has been studied extensively, the spin
accumulation is a new phenomenon found recently and to
which little attention was been paid. Thus we first investigate it
with a simplified model and then extend it to the s/p junction
in next section. As schematically shown in figure 1, the
s/p junction consists of a conventional s-wave S in the left
lead, a p-wave S in the right lead, and an insulator barrier or
normal metal between them; the z-axis set as the quantum
spin axis is perpendicular to the junction interface and the
d vector in the p-wave S is set along the x-axis. Since the
d vector resembles an FM moment, but without destroying
the time reversal symmetry of the system in the unitary case
d x d* = 0 considered here, the polarization of the possible
spin density at the interface is solely determined by the d
vector. The following mean field BCS Hamiltonian in a lattice
version [32, 33] is employed here to describe the s/p junction

H = Hy + Hr + Hr, (D
H, = Z é:hoér + (é:thér.t,_a +c.c.)

r(a)

+ (CIALCT +c.c), )

I
X

¥
p-wave

S-wave

Figure 1. Schematic of the hybrid Josephson junction composed of
the left s-wave S lead and right p-wave S lead. The gray region
between two S leads is an insulator barrier or normal metal. The d
vector in p-wave S is parallel to the x-axis and the current is flowing
z-axis.

Hy = Z thoér + (Cjthér.;_a +c.c.)

r(a)

+ (iIC ARCY,y +iCe A Crya + c.C0), 3)
HT = é]ihtéR +c.c., (4)
where Cr = (Cry, Cr))™, ho = (2dt — oo, th = —toy,

AL = iA0,€?, Ap = iApe?®(d - o)y, and h, = —t'0p;
0p 1S a unit matrix, o is the Pauli matrix, d is the dimension
of the system, p is the chemical potential, As and A, are
respectively the magnitudes of the order parameters of the s-
wave and p-wave S leads, and ¢y (r) is the macroscopic S phase
of the left (right) S; C;G (Cy.) is the creation (annihilation)
operator of an electron at r with spin ¢ =%, |, the hopping
integral ¢ is considered between the nearest neighboring sites
with a lattice vector a. Both H|, and Hy are the mean field BCS
Hamiltonians describing the left and the right S, respectively;
Hr is the tunneling term connecting the left and right leads with
t’ the hopping integral, and CLR)U being the creation operator
for the edge sites of the left (right) lead.

To obtain an analytic result, we study the 1D case of
the s/p junction and the qualitative conclusions should remain
unchanged in the 2D or 3D case with the summation over
the transverse modes. With the help of the Keldysh Green
function, the spin density Sy and the supercurrent /1 in the left
S lead are given by

h dE <
Su=3 [ 5 Trlo Gy (E)) (5)
and
e dE < <
L = E / ETI‘[/’lLRGRL(E) — GLR(E)hRL]s (6)

where G-, (t, 1) = i(C};a (t)Cyo (t)) is the lesser Green
function in the Nambu space and spin space, h,, = —t'o; is
the &, in the Nambu space by assuming ¢’ real, n(n’) = L, R,
and the trace is over the spin space. The spin density S denotes
the possible spin accumulation at the interfaces of the hybrid
junction. Since the equilibrium case is considered and no bias
is applied on the system, the equations above can be simplified
by the Keldysh formula G=(E) = (G*(E) — G"(E)) f(E),
where G'® is the retarded (advanced) Green function and
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f(E) is the Fermi distribution function. The retarded Green
function can be worked out by the Dyson equation

Gy =)™ =z )

where ¥ = h,,,—,ggh;ﬁ is the self-energy of the 77 (L(R) =
R(L)) lead, g; is the surface Green function of the isolated S
lead [34, 35],

brLoy icLoyeir
ro__ ) y
8L = <—icLUye‘¢L bLoo ®)
and i
broy CRO,€'R
ro__ ) z

Sk = (_C'RUzel¢R broy ©)

where b]_ = —iﬂpLE/QL, bR = —iﬂpRQR/E, L, =

—i]T,OLAS/QL, CR = —iJT,ORAT/E, AT = ZSin(kza)Ap
is assumed a positive constant in the following calculation,
and here the p, symmetry of the p-wave order parameter
is considered so that Ar(k;) = —Ar(—k,); QuLr =

7/ E2 — AS(T) as £ > _AS(T) and QL(R) = —/ E2 - AS(T)

as E < —Aym, pLr) 1s a constant density of states of the
left (right) S lead at the Fermi energy. It is seen that for the
left conventional s-wave S lead, the surface Green function is
same as the bulk one and the right surface Green function has
a singularity at £ = 0, which is actually the zero energy edge
state of the p-wave S lead with p, symmetry considered. It
is noted in an isolated single s-wave and p-wave S lead that
the spin is degenerate and unpolarized, as is also seen in the
equations above. The case is different when they are connected
to each other, since in the spin space of the order parameter,
the diagonal terms of the p-wave equal Ay = A = Ag
(equal spin pairing) while the s-wave is nonzero only in the off-
diagonal term Ag, so that in the eigenspace of order parameter,
the diagonal term can be different and is given by At Ag, this
can be clearly seen when the spin quantum axis is set along the
d vector along the x-axis. Therefore, it is possible for a net
spin density to form at the interface of the hybrid junction.

For comparison, the conductance of the normal junction
without any S order parameter can be worked out by the
Keldysh Green function

. 2¢? 4ty

= Ut0r (1o

with 1y = 72 ,ozﬂ2 denoting the interface transparency between

the two leads, where two sides of the junction are assumed
identical pp = pr = p; as fp = 1, the conductance of the
junction is at the resonant point Gy = 2e2/h, which means
the interface is fully transparent. With direct algebra, the
supercurrent in left lead reads (¢ = ¢r — ¢r)

_Se

o= [ dE f(E)

Agt2 sin(2¢)
x Im 5 2 .
(E* — EZAH) (1 + 19)* + 2t5 A (1 — cos(¢))
(11)
Here we have assumed Ay = At = Ay for simplicity so
that the two S leads are same except for the order parameter

T T T T T

s, (pAil2)
o

0.0 0.5

()

Figure 2. The supercurrent /1, (a) and spin density Si, (b) asa
function of the macroscopic phase difference ¢ for different interface
transparencies o = 1.0 and #, = 0.5. Ay = 1 is taken as the energy
unit and temperature 7 = 0.

symmetries and the S macroscopic phases, the supercurrent is
proportional to sin 2¢ unlike the usual sin ¢ in the conventional
s/s junction, which is a typical characteristic of the s/p junction
due to the orthogonality of the orbital wavefunctions between
s-wave and p-wave Cooper pairs [31]. As shown in figure 2(a),
the oscillating period of the supercurrent is 7, therefore, it is
expected the current direction should remain unchanged when
there is a 7 phase shift between the two bands in the s -wave
S, but it does not mean the current in the si/p junction is
entirely the same as that in the s/p junction; on the contrary,
the supercurrent in the s1/p junction may exhibit a distinctive
zero due to the quantum coherent transport. With different
interface transparency fyp = 1, and 0.5, the results remain
almost unchanged in figure 2(a), this is attributed to the edge
state in the p-wave S lead since the p, symmetry of the order
parameter is considered. The spin density in the left S surface
is given by

Stx =/dEf(E)

5 Im[ 2hpAtol EX(1 + t9) — t9A2] sin ¢ }
(—E*+ E2A2)(1 + 19)* — 213 Ag(1 — cos(¢))]

(12)
Sty =0, (13)
S, =0. (14)

Here only Sy, is nonzero, it can be understood that the
symmetry of the d vector of the p-wave in spin space is
broken due to the introduction of the spin singlet order
parameter of the s-wave, and subsequently the polarization of
the spin accumulation (imbalance) is along the d vector (x-
axis) [29, 30]. The spin density in the right surface Sg has
the same tendency and is not shown again here. As shown in
figure 2(b), the spin density is an odd function over the S phase
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Figure 3. The ABS energy versus the phase ¢, Ay = 1, the
temperature 7 = 0; 0 =1, | is parallel to the d vector, (a) #, = 1.0,
(b) 1 = 0.5.

difference ¢, and the spin direction can be reversed when there
is a 7w phase shiftin ¢. Similarly, the spin accumulation is again
not sensitive to the interface transparency due to the edge state.

To discern clearly the spin accumulation, we can obtain
the ABS energy from the poles of Green’s function Gy, in
equation (7) or the poles of the integral of equation (12), it

is written as
1+J1—-c¢
E*= A} (7>

7 s5)

with ¢ = 8t§(1 — c0s(2¢))/(1 + t5)*. The expression is
relatively succinct since equal magnitudes of pair potentials
in the two S leads are assumed. As shown in figure 3, it is
spin split so that the different spin species locate oppositely at
E > 0or E < 0, which are the same as those obtained from a
scattering method in [29]. From equation (8), the spin space is
degenerate in the s-wave S whereas in the p-wave S the spin-
up space has 7 phase shift in ¢r over the spin-down space, so
that the ABS has a relation E, (¢) = E_, (7 + ¢). Different
from the conventional s/s junction, the ground state of the s/p
Josephson junction has ¢ = =£m/2, and meanwhile there is
no supercurrent flowing in the junction, a spin accumulation
can therefore spontaneously occur at the interface of the hybrid
junction with either ¢ = 7 /2 or 37/2, as shown in figure 2.

3. s+/p junction

In section 2, we have shown a spontaneous spin accumulation
at the interface of the s/p junction due to the broken symmetry
of the d vector in the spin space, and the spin polarization is
parallel to the d vector, moreover, the accumulated spin density
is an odd function of the S phase difference ¢ with period
2. Thus, when the s./p junction is taken into account, it is
possible to realize the spin reversal effect by modulating some

system parameters, such as the interface transparency and the
temperature. We adopt a minimal model below to mimic the
s+-wave S while its pairing mechanism or the origin of 7 phase
shift is not our concern here. The Hamiltonian of the hybrid
s+/p junction is now given by

H = Hy, + Hi»+ Hr + Hri + Hro + Hro, (16)

where Hp; and Hp, are the same as Hp in equation (2)
describing the two bands in the left s;-wave S with a sign
reversal in their order parameters; Hgr keeps unchanged as
equation (3); Hr; and Hr, are the coupling between the two
bands in the s-wave and p-wave S leads, respectively; while
Hri, describes the interband scattering in the s-wave S at the
interface of junction [27]. As with the hopping element ¢’ in
equation (4), 11, t, and ¢, represent the corresponding hopping
constants between Hp; and Hg, Hi, and Hg, and Hp; and
Hy,, respectively. The calculations of the Josephson current
and spin density are still based on equations (5) and (6), where
the difference is that we need to sum over the two bands in
the s.-wave S lead like the two transport channels considered.
As stated above, the important step to work out /i and S is
to determine the retarded Green function Gfm,; it is convenient
for our model to use the following Dyson equation to work out
the coupled Green functions

G = Gy¥ + GV Gy 17
with
g 0 0
=10 g, (18)
0 0 gr
and
0 hiirza  hiir
V= hL,LZ 0 hiar |, (19)
T T
hiyr  hiog 0

where g, g, are the surface Green functions of the two
bands in the si-wave S lead, g is the one of the p-wave
lead, which are explicitly given in equations (8) and (9), h,,
(n = L1, L2, R) is the coupling matrix between different bands
in the Nambu and spin space.

Since the analytic expressions for Iy and Sy, are too
long, we only present the numerical results in figures 4
and 5. The different coupling constants #;, #,, and ¢ in our
model can actually account for the mismatch factors among
different bands in both the s; and p-wave S, such as the Fermi
wavevector mismatch; we therefore assume an equal density
of states p.; = pLo = pr = p in all bands as in the s/p case
discussed above. In figure 4, the spin density and supercurrent
are presented as a function of the ratio of # /1, with different
interband couplings 7). It is clearly shown that the direction of
the accumulated spin is reversed as ¢ /f, = 1, and meanwhile
at the same point, the supercurrent exhibits a vanishing point.

The obtained results can be understood as follows: since
the spin density Sp, formed at the interface of the s/p junction
has the relation Sy, (¢) = —SiLx(¢ + ) (figure 2(b)), and in
the s4/p junction there exists a relative phase shift 7 between
the two bands in the sy-wave pairing state, so that the two
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Figure 4. The dependence of /. (a) and Si, (b) on the ratio of
interface transparencies f,/¢; with different interband scattering,
tip =0,tp =031, 1, =051, 1 = 0.5, ¢ = 7T/4-

contributions to the accumulated spin have opposite signs, and
at the same interface transparency ¢; = t, for the two bands, the
spin accumulation vanishes entirely. The interband scattering
t12 in the s;-wave S does not result in a qualitative change of
the I and S, in figure 4, although this interband scattering is
the key point for the ABS state formed at the surface of the s-
wave S [17]. The spin reversal phenomenon does not occur in a
single s/p junction on varying the interface resistance, and so it
can be used to distinguish the si-wave pairing from the usual
s-wave pairing state. The key point is to vary the interface
transparency #; and f, for the two bands of the sy -wave S,
which is possible in experiment since there are several factors
affecting the #; and f,, such as the Fermi wavevector of each
band, the density of states at the Fermi energy, and the different
effective mass of the quasiparticles. As the two bands in s4-
wave are not exactly identical, one can modulate the relative
magnitude #; and #, even by the barrier strength between two
S leads. In figure 4(b), the supercurrent also exhibits a clear
zero point at #; = t,, which is again almost independent of the
interband scattering ¢1,. Obviously, this zero point comes from
the relative 7 phase shift for the two bands in the s -wave S,
however, it is essentially different from the O—m transition of
the critical current in the st/s junction studied in [26]. Here
the critical current in the s4./p junction does not change its sign
because the oscillating period of Iy is w and the 7 phase shift
can not reverse the current direction. It is the coherent transport
considered here that leads to the appearance of the vanishing
of [ L-

As the O—7r transition in the si/s junction was predicted
to be realized by modulating temperature [26], the spin
reversal effect in the si/p junction may also appear on
varying the temperature, it can facilitate greatly the experiment
measurement in contrast to qualitative variation of the Fermi
wavevector mismatch. Here it is assumed that the gaps in the

T v T v T v T T T T T 01

. Jo.0
§
>t 4-0.1
<
o | J-0.2

(), {03
-
o} 40.005
<
£
©

— .4 0.000

(b)l 1 1 1 1 1

0.0 0.2 0.4 6 0.8 1.0
TIT

Figure 5. The temperature dependence of S;, (a) and I (b) with
different interband scattering, #,, = 01, 1, = 0.31;, t;; = 0.5¢,,
t1/t, = 0.8, other parameters are same as those in figure 4.

two S leads have a BCS temperature dependence with the same
critical temperature 7¢ but with a different gap magnitude. In
figure 5, we present the dependence of the spin density and
supercurrent on temperature for different interband scattering
parameter f>. As seen, the spin direction can be reversed
with an increase of temperature for some suitable parameters
and furthermore the supercurrent exhibits an reentrant behavior
with temperature. The physics origin is the same as that
explained above, it is the intrinsic phase shift for the two order
parameters as well as the different gap magnitudes for the two
bands in the si-wave S, where A = 1.5A, = A are taken
in calculations. This in physical terms the same as the 0—
7 transition predicted in the si/s junction from modulating
temperature. The interband scattering is also considered and
makes little difference to the supercurrent, while it can slightly
change the transition temperature at which the spin is reversed,
as shown in figure 5(a). Therefore, it is suggested that the
presence the reentrant behavior of the critical current and the
spin reversal phenomena should rule out the usual s-wave state.

4. Conclusion

In conclusion, we have investigated the supercurrent properties
and spin reversal effect in the si/p hybrid junction. In a
simplified model, we have shown that the relative 7w phase shift
for the two order parameters in the s;-wave S can lead to an
accumulated spin reversal effect at the interface of the junction,
the supercurrent has a clear vanishing point on varying the
relative interface resistances for the two bands of the s+-wave
S, moreover, a spin reversal effect and reentrant behavior of
the supercurrent can appear on modulating the temperature,
which obviously facilitates the experimental observations. The
interband scattering between the two bands in the sy lead
was shown as not being crucial for the obtained results.
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Our findings may be helpful for identifying the possible
existence of an s -wave pairing state in the superconducting
ferropnictides.
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