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Abstract

We study the Josephson effect in an s-wave superconductor/dirty half-metal/s-wave superconductor (SC/HM/SC) junction by taking
account of the spin dynamics due to the magnon excitation in the HM. Using the fourth order perturbation theory for the tunneling
Hamiltonian and Green’s function method, we formulate the Josephson critical current in a SC/HM/SC junction. In the tunneling pro-
cess from the SC to the HM and vice versa, we consider the effect of spin flip tunneling due to the magnon excitation at the interface. As a
result, it is found that the spin triplet pair correlation propagates into the HM and the Josephson current flows. We find that the Joseph-
son critical current shows the damped oscillation as a function of the thickness of the HM and the 0–p transition occurs. Moreover, we
show that the 0–p transition occurs by changing temperature. The 0–p transition results from magnon excitations in the HM. This pro-
poses a new mechanism with respect to the 0–p transition.
� 2007 Elsevier B.V. All rights reserved.
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In a Josephson junction composed of a weak ferromag-
net (FM) and s-wave superconductors (SC’s), the singlet
Cooper pairs penetrate into the FM, and have a finite
momentum proportional to the magnetic exchange split-
ting (hex) between the up- and the down-spin bands in
the FM. As a result, the singlet pair-amplitude (Ws) oscil-
lates along the direction perpendicular to the interface in
FM [1–3]. Therefore, Ws has either the same sign (0-state)
or different sign (p-state) at the interfaces depending on
the thickness (dFM) of FM. Several experimental
observations of the 0- and p-state have been reported [4–
10].

The Josephson effect has been observed in the s-wave
superconductor/half-metal/s-wave superconductor (SC/
HM/SC) junction, where NbTiN was used as a SC and
CrO2 as a HM [11]. In the case of completely spin-polar-
ized materials called HM, the spin singlet Cooper pairs
cannot penetrate into the HM, and the Josephson current
can not flow in the SC/HM/SC junction. Therefore, the
experiment suggests that a spin triplet pair correlation
may be induced in CrO2 and the Josephson current is car-
ried by the triplet pair correlation. The experiment shows
that the correlation of Cooper pair in HM is rather long
compared with that in FM.

There are some theoretical studies on SC/HM/SC junc-
tions [12,13]. They showed that the spin triplet pairs are
induced by the spin flip scattering at the interface of SC/
HM and the Josephson current is carried by the triplet pair

0921-4534/$ - see front matter � 2007 Elsevier B.V. All rights reserved.

doi:10.1016/j.physc.2007.04.251

* Corresponding author. Tel.: +81 22 215 2009; fax: +81 22 215 2006.
E-mail address: hikino@imr.tohoku.ac.jp (S. Hikino).

www.elsevier.com/locate/physc

Physica C 463–465 (2007) 198–201

mailto:hikino@imr.tohoku.ac.jp


correlation. In these theoretical studies, the spin dynamics
in HM is not treated.

In this paper, we study the Josephson effect in a SC/
HM/SC junction by taking account of the spin dynamics
due to magnon excitation in HM. We propose a new mech-
anism of Josephson effect in the SC/HM/SC junction.
Moreover, we show that the 0–p transition occurs by
changing the thickness (dHM) of HM and temperature (T)
in this system. The 0–p transition is obtained by the mag-
non excitation in HM.

We consider a junction composed of a dirty HM with
the thickness dHM sandwiched by s-wave SCs. The SCs
and the HM are connected by tunneling Hamiltonian.
The total Hamiltonian is
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where HLðRÞ
BCS is the BCS mean field Hamiltonian of the left

(right) SC, nk is the kinetic energy of an electron, cðyÞk;r is
the annihilation (creation) operator of the electron with
wave vector k and spin r, and D is a superconducting
gap and hL(R) is the phase variable in the left (right)
SC. HHM is the Hamiltonian of the HM, which has only
up-spin electrons and non-magnetic impurity scattering
term. The first term in HHM is the kinetic energy of elec-
trons, and the second term is a non-magnetic impurity
scattering component, where u is a non-magnetic impurity
potential, and V is the volume of HM. HT is the tunneling
Hamiltonian, in which T0 is a tunnel matrix element with-
out spin flip, T1 is a tunnel matrix element with spin flip
accompanied with a spin-wave. S+ = Sx + iSy is a spin
operator of a local moment in the HM. Sx and Sy are
the x and y components of the local spin operator, respec-
tively. RL(R) is the position of the left (right) interface of
the SC/HM junction.

We calculate the fourth order term of the tunneling
Hamiltonian and formulate the Josephson critical current
in the SC/HM/SC junction. The Feynman diagram for this
tunneling process is shown in Fig. 1. The wavy lines repre-
sent a magnon propagator. The total free energy corre-
sponding to the Josephson current is a sum of two
diagram in Fig. 1. The diffusive motion of a Cooperon in
the HM is indicated by the vertex C. The Feynman dia-
gram for C is shown in Fig. 2, where the averaged impurity
potential is represented by the cross and the dashed lines
represent impurity scattering. The double solid lines repre-
sent a Green function in the HM including the self-energy

of non-magnetic impurity scattering within the Born
approximation. The self-energy is given by

RðxnÞ ¼ �i
1

2s
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where s is the relaxation time of non-magnetic impurity
scattering, xn = (2n + 1)pT is a Matsubara frequency of
electron, NF is the density of states on the Fermi level in
the HM, and ni is the density of impurities. By taking the
limit of xns, vFQs� 1, one can obtain the following equa-
tion as,
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where D ¼ v2
Fs=3 is the diffusion constant, vF the Fermi

velocity, and m‘ = 2‘pT is the Matsubara frequency of
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Fig. 1. Fourth order diagram contributing to the Josephson current. T0 is
the matrix element of non spin flip tunneling and T1 is that of spin flip
tunneling due to the magnon. The wavy lines represent the magnon
propagator. The total free energy in SC/HM/SC junction is the sum of the
two diagrams.

Γ = ×+ +

Fig. 2. Vertex part of non-magnetic scattering. The averaged impurity
potential is represented by the cross and the dashed lines represent
impurity scattering.
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