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ABSTRACT

We investigate the influence of transit ion metal impurities on the

amplitude of the Josephson tunneling current. We consider a junction made

up of two identical superconductors containing transit ion metal impurities

and define a parameter K which is the normalised difference of the

derivative of Josephson currents for superconducting pairs with and without

magnetic Impurities. We find K=0 for U/ _ < 1 and K=0,129 for U/ _ » 1 in

the Abrikosov-Gorkov theory, a.s well as large deviations of K from th is

value for 1 < U / ^ < 3, where U/^j, Is the parameter of *he Anderson theory.
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I . Introduction

The tunneling phenomenon has been developed into one of the

moat sensitive techniques for studying the properties of metals

and dilute alloys in their normal and superconducting states (Duke,

1969). A study of the Josephson tunneling can be a very sensitive

probe to the effect of impurities in superconductors that make the

junction. The influence of magnetic impurities on the Josephson

current has been investigated by Kulik (1966), ITagi and Lo (1973)

and Lo and TJagi (1974). The tunneling phenomenon through metal-

insulator-metal junction containing a pair of interacting magnetic

impurities in the barrier was investigated by Gupta and Upadhayaya

(1971) and Nagi and Upadhayaya (1976).

The Anderson model (Anderson,1961) was originally proposed to

understand the behaviour of transition metal impurities in normal

metals (Elandin, 19T3), In this model, d electron state localized, on a transition

metal impurity atom hybridizes with the conduction electron states

of the host metal. This leads to a localized resonance of width F .

There is a Coulomb repulsion U between localized resonances of

opposite spin whether the impurity behaves nonmagnetically or

magnetically depends on the value of

The above model has been extended to the case of

superconducting host metals by several authors .(Zuckermann,1965;

Hat t o , 1972; Eatto and Blandin, 1&67; Kiwi and Zuckermann, 1967; Kaiser ,
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1970, Shiba,lQ73 and Arnold,1974). in particular Shiba (1973)

used a generalised Hartree-Fock approximation and gave a theory

which covers the nonmagnetic and magnetic cases of the impurity.

Shiba calculated the density of states of qua3i-particle

excitations, the transition temperature T , the jump in specific

heat at T etc. Arnold (1974) calculated the upper critical
c

field and the transition temperature, Machi&a (1975) and Machida

and Nakanishi (1976) have used Shiba's. formalism to calculate

some transport properties of a superconductor with transition

metal impurities.

In the present paper, we use the generalised Anderson

model and study the influence of the transition metal impurities

on the Josephson tunnel effect. 7/e consider both the cases of

the impurity being either in magnetic or nonmagnetic state. The

motivation for the development of such a theory is that in the

LaCe system, the magnetic-nonmagnetic transition can be induced

either by application of high pressure (Maple et al. 1969,

Coqblin et al. 1971) or by adding thorium to this system (Huber

et al. 1974, Luengo et al. 1974). With Zn ac a host superconductor

impurities like Fe, Co, V and Ni are reported to be nonmagnetic

(Wohllenben and Coles, 1973, Riszuto,1974, Maple,1973). Section

2 contains the formulation of the problem and in section 3 we

give results and discussions.

2. Formulation

Let us consider a Josephson junction consisting of two

impure superconductors which are separated by a thin oxide layer.

When the superconductors are different the Josephson current can

be calculated only numerically. However, for a junction made up

of two identical superconductors, we can do analytic calculations.

Further, all important properties of the Josephson effect are

still manifested in this case. For such a junction, the amplitude

of the Josephson current at a temperature T is (Lo and Nagi,

1974) . M _,

where IL, is the normal-state resistance of the junction and IL, is

the normalized frequency divided by order parameter.

For the case of transition metal impurities in a non-

transition metal superconductor, U satisfies the equation

(Shiba,1973)
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In the above, c is the impurity cone en 'orti. tion, LOn --7iV feri+T)' A ̂ 'J

the order parameter, P is the width of the resonance state, N5(ci)

is the density of states (at the Fermi surface) of the conduction

electrons of the host metal.The quantity E, is defined as the d

level energy, v is the exchange splitting and

pairing. We have

t n e induced

U is the electron-electron correlation energy of the Anderson

theory.

For the nonmagnetifclimiting case, equation (2) reduces to

the relation used by Batto and Blsndin (1967). In the magnetic

case, it reduce a to the relation obtained by the 5Mtoa-Ru.si.nov

(SH) model (Shiua, 1963, Husinov,1969). When U ^ T , one recovers

the model considers: Ly Abriteoaov and Gorkov (AG, 1961).

?or- simplicity, '.ve take T near T . Then ̂  is small one

can write. (Shulrla and ffs=!sci, 1976)

UN = a
Then to the lowest or6nv in t., equation (1) gives

(Uv

(5)

From equation (2) we have the following expression for

,

X [ i- r f»J
(6)

?rom equation (6), we find ((X_\ for the caae of low impurity

concentration (keeping only up to linear term in c ). Then taking

the averages, doing the summation over n, and substituting in

equation (5), we obtain

1 A Z \\ (c,T)

where

^ " ( ^ "

In equation (8)

t-
(8)

(9)

and the summations I are defined as

= z
71= O



Next, we must know ti;e order parameter ̂  . In genera],

it is a complicated function of the impurity concentration and

temperature. However, in the present study, it is sufficient to

for T near T and correct up toobtain an expression for

linear term in c.

The order parameter is determined by considering the

following self-consistency equation which it must satisfy (lo

and Nagi, 1974)

(10)

For temperatures near T U 1 . We w r i t e

Then we use equa t ion (4) and s u b s t i t u t e i t in equation (10) to

obtain

We find (a..) by using squations(2) and (4) and (a .) is given

by equation (6). Sube l.itvting these in equation (11), doing the

summation over n, and after somewhat lengthy algebra,we obtain

(11)

(12)

where

and

£) -t P v^-

'ffhile writing equation (12), we have used

(where ui is the Debye cutoff frequency, 2f"=1.78l , T is T
a co c

(Daviea , 1965) of a pure superconductor), and the mathematical identity

Further, In equation (14) we have also used the summations as

follows

f t =
where

3. Results and discussion

Combining of equations (7), (8) and (12)—(14) gives an

expression of amplitude of the Josephson tunneling current which

is valid for I near T and low concentrations but for arbitrary

values of I n o r d e r *° bring out the essential physics of



the problem, we assume •ytr-r'̂ y" 1 . This casr corresponds to the

situation that the resonance is Taroafl* However, with a suitable

var:;--; ion of the parameter U/^p , we can still change the

magnetic moment shown by the impurity and consequently study its

influence on the Josephson current.

For

In above

9 =

Similarly

r/irT»

= C R«

(15)

(16)

(17)

' (18)

with

Further

= C

-v

? ! C

Let us now- consider equation (12) again. As T is near T , we

rewrite this equation as

U s i n g e q u a t i o n s ( 2 2 ) a n d ( 7 ) we e ;e t

(23)

where

From equation (23), we find the slope of J (c,T) against
s

temperature at T , Thia slope depsnds on the magnetic moment on
c

the impurity. In order to bring this out clearly, we write

(25)

He find that in the nonmagnetic case i.e. E, = E , K=0 .

Further, for the magnetic case ^E, - E, j ̂ > kT , we get

K= Tl.691- 0.731 (1+e1- )
( 2 7 )

The dependence of K on the relative strength of the Coulomb

repulsion is shown in Fig. 1 for E =0 (we take E, = -U/2 and

*̂ W h e n get K=0. When U » f .we
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get Abrikosov-Corkov value (K)
AG

from the AG theory is found for intermediate values cf

The raaximum deviation comes for

happens when /n \ - T-fr + T,/U ̂  .

^ 0 . Talcing E - 0 , this

For temperatures near T , the amplitude of the Josephson

current for a junction made up of two identical superconductors

containing a low concentration of transition metal impurities is

given by equation (23). In the limiting case of the impurity

concentration c going to zero, a suitably normalized deviation

of the slope of J (c,T) against T from its BCS value is

resresented by K. We found that K= 0.129 when impurity is in an

extreme magnetic state and K=0 when the impurity is in a

nonmagnetic state. Near the magnetic-nonmagnetic transition,

large deviations of K from 0.129 are predicted. Huber et al.

(1974) and Luengo et al. (1974) have observed the continuous

demagnetization of cerium impurities in a LaCe sysyem by adding

to it an increasing amount of thorium. Thus LaCe, ThCe systems

should be very appropria a for the experimental verification of

our results,,
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FIGURE CAPTION

Fig. 1 The parameter K against U/^p and its value in

Abrikosov-Gorkov (AG) theory is given by the dotted line.

Fig.l
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