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We consider a superconducting ring with a Josephson junction containing
magnetic impurities. It is shown that if the tunneling through the magnetic
impurities is large enough, then the ground state of such a system is a state with
a current and a magnetic flux.

PACS numbers: 74.50.+r

We consider a superconducting ring with a Josephson junction containing
magnetic impurities. We show that if the tunneling through the magnetic impur-
ities is large enough, then the ground state for such a system is a state with
nonzero electric current and magnetic flux.

1. Consider a Josephson junction with magnetic impurities inside the dielec-
tric layer. The tunnel Hamiltonian of this junction can be written in the form

HT = 2, (tkk'ass' + 1)kk'nass'sn)a;sbk's' + hee., > (1)
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where ay (by,) is the annihilation operator for a conduction electron with wave
vector k and spin s in the layer A(B), 8, is the operator of the localized spin at
site # in the layer, and ¢ are Pauli matrices. (131

In the case of a tunnel Hamiltonian (1), we obtain for the stationary Josephson
current and for the energy of the junction

2
I =0, -I;)sing, E=—2—l(]°- J)cos o,

A ()
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where Jy £ corresponds to the first term in the round brackets of (1) (with the
Hermitian-conjugate term), and J corresponds to the second term, which takes
into account the possibility of electron tunneling with spin flip (the localized
spins are assumed to be disordered), # and v? are the mean values of | #y.| 2
and | vgy! 2 on the Fermi surface, N(0) is the density of states on the Fermi
surface, 2A(T) is the energy gap, and ¢ is the phase discontinuity on the
Josephson junction, [1:41

According to!?2:3! we have
Vpk n = [sd(ed+U)]‘1) (3)

where €;<0 is the energy of one electron in a localized magnetic state,
reckoned from the Fermi energy, while 2¢,+U >0 is the energy of two elec-
trons in this state with allowance for their Coulomb repulsion U. By proper
choice of the energy ¢,, the absolute value of vy., can be made large enough.
The parameter #y, in (1) is 2 sum of two terms, one of which is —3 X, vy p,
and the second describe all the remaining forms of tunneling. 1*! In prmmple,
these terms of f;3. can cancel each other and cases are possible when the tun-
neling described by the second term of (1) predominates. It is precisely such
contact with J¢>J; which will be considered below., Both the energy of the junc-
tion and the current, as functions of the phase discontinuity ¢ in the junction,
have opposite signs in comparison with the corresponding expressions for an
ordinary junction without magnetic impurities. The ground state of a junction
with J,>J; corresponds to a phase discontinuity ¢ =, and not zero as in the
usual case, and we name this junction a r junction.

2. We consider a superconducting system consisting of a bulky superconduc-
tor short circuited by a 7 junction (see Fig. 1). Such a system corresponds to
the ring of Silver and Zimmerman!®! in which the usual Josephson junction was
replaced by a 7 junction. For simplicity we assume a pointlike junction, i.e.,
with dimensions smaller than the Josephson length. For the total current J in
the 7 junction and for the current density j in the superconductor we have

2e
J =-1],sing, j.-_b(hva—-c—A), 4)
where J_= | Jo—Jg!|, Va is the gradient of the phase in the superconductor,
while the coefficient b depends on the concentration of the superconducting elec-

trons. The usual procedure (seel®) for integrating the phase over a closed con-
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FIG. 1. a) Superconducting ring with 7 june-
- junction tion, b) superconducting quantum inter-
ferometer with two Josephson junctions.

tour that passes through the superconductor in the region with zero current den-
sity in the absence of an external field yields the following equations for the
flux & and for the system energy E:

é CCI)O
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o o sing b 217L]c 5)
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E($)=5— J.(cos ¢ + %kg?)
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where &, is the magnetic-flux quantum and L is the inductance of the system.
At k& >1 the ground state of the system corresponds to a solution with J=0, &
=0, and Eg=E(0)=7J,/2e. This is just the solution (but with opposite sign of
E,) realized for a ring with an ordinary junction.

At k<1, the ground state corresponds to a solution with nonzero current and
nonzero magnetic field. In the ground state of the system, the current J in-
creases as k decreases from unity to 2/7, reaches a maximum J=J,, &=2%y/4)
at k=2m, and then decreases with further decrease of k. The energy E, de-
creases monotonically from E(0) to — E(0) when % decreases from unity to zero,

FIG. 2. Dependence of the energy, current, and
_ magnetic flux through the ring in the ground state
1k of the system on the parameter k.
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while the magnetic flux increases monotonically with decreasing &2, approaching
&,/2 as k—~ 0 (see Fig. 2).

At B« 1 we obtain
Cq)o 172
O =40 (1=K, J=-lmk=-—2, E°=E(0)<~l+-2—k>. 6)

In this case there is located, at an energy lower than that of the currentless
states, a ground state with & = &,/2 and approximately 1/ m'k excited states of
the system, with a magnetic flux close to half-integer multiples of the flux
quantum &,. From among these states with E < E{0), the maximum energy and
flux is reached in the state with & =V 2LJ & /7. If the junction has dimensions
much larger than the Josephson length, then the ground state corresponds to
flux ®=3®&,. The current flows over the surface of the ring, decreasing at the
London depths in the interior of the superconductor and at the Josephson depth
in the interior of the junction,

Thus, if the 7 junction can be realized experimentally, then an undamped
current and an associated magnetic flux should appear (spontaneously) in a ring
with such a junction below the superconducting-transition point. The spontaneous
flux is close to &,/2 for a point junction at 2<« 1 and is equal to &,/2 for a
broad junction. This flux can be observed experimentally.

It is convenient to investigate the influence of magnetic impurities on the
properties of Josephson junctions by using a “quantum interferometer»!!! (Fig.
1(b); see alsotél),

If & is the flux through the closed contour of such an interferometer, and J
and J, are the critical currents of the Josephson junctions of the circuit, then
the expression for the critical interferometer current J,, is

o %
7

]m= (]cl—jcz)2+4]cl]c2cosz_— .
d

[+]

If magnetic impurities are introduced in one of the junctions of the interferom-
eter, the amplitude of the oscillations of the critical current J,, will first de-
crease, the oscillations will vanish at J.= | Jy—J | =0, and then, with further
increase of the impurity concentration, the maxima and the minima on the
J,(®) curve exchange places, thus indicating that a 7 junction has been
produced.

In conclusion, we thank A.F. Andreev and the participants of V. L. Ginzburg’s
seminar for useful discussions of the work.
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