PHYSICAL REVIEW B VOLUME 54, NUMBER 5 1 AUGUST 1996-I

Tunneling in two-channel Kondo superconducting junctions
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Department of Physics, Ben-Gurion University of the Negev, Beer-Sheva 84 105, Israel
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Charge transport in the short weak links)(between two superconductorS)(or between a normal metal
(N) and a superconductor is considered. The electron scattering in the weak link is accomplished by two-level
systems acting as two-channel Kondo impurities. The impact of this interaction on conductancéNikShe
tunnel structure as well as on the Josephson currer@HKiE junctions is analyzed. It is shown that the
conductance oNKS systems as a function of temperatiréas a dip at low temperatures, an effect similar to
that in NKN junctions. The critical Josephson current K S junctions shows a temperature dependence
which deviates from such a dependence of ballistic superconducting cong&@t63-182006)09029-7

In recent experiments on Cu-point contatctsin anomaly  generally, can be applied to the nonequilibrium as well as to
consisting in a dip in the differential conductance aroundthe equilibrium(for example, to obtain the Josephson cur-
zero bias was observed. This zero-bias anomaly in the tenfend problem. The method deals with two types of GF's: an
perature dependence of the conductance was attributed to tRgact one which describes the entire junction and GF's of
interaction of the electrons with two-level systems acting a$Very separate component of the junction. Below we denote
two-channel Kondd2CK) impurities>2 Here the role of the e Separate layer functions by small letigrg,  describes

spin state is played by some orbital degree of freedom, whilghe banks andy, stands for a weak link. The first derivatives

the two states of the physical spin play the role of the chan9f g on the coordinates normal to the junction’s plane vanish

. . 3 . . . _
nel indexes The 2CK model shows non-Fermi-liquid be- at the interfaces. The thedA*is a convenient tool to in

havior and was proposed for the explanation of the thermo\_/estlgate nonequilibrium and nonstationary effects in super-

| ) T . _-conducting tunnel structures. However, there is a limitation
dynamic properties and resistivity of some heavy fermion nic comes from neglect of the renormalization of the ex-
compounds. Non-Fermi-liquid effects of this model take act quasiparticle self-energy. For two cases this approxima-
! » : %on is justified: for insulating barriers and for the restricted
generacy of the impurities energy level, which tend to overgp gt junctions(point contacts For such a type of junction
screen the impurity. A renormalization group sttidgveals  the entire voltage drop occurs across the weak link.
that the effective exchange flows towards an intermediate e investigate the tunneling current in point junctions
coupling fixed point. Using simple Abelian bosonization which are the objects of experimental intere$tSome re-
Emery and Kivelsohmapped a 2CK system on a resonancesylts of the conformal field theory for the 2CK model will be
level model and recovered information on the dynamic propused. The scattering matrix of electrons interacting with 2CK
erties as well as exact results known from a Bethe ansatenters is of the main interest. Although this matrix was
solution of the thermodynamic propertiés. obtained for the bulk systefiwe, nevertheless, can use it for
A conformal-field-theory approach which was developedthe point contacts if the size of the weak link is of the order
in Ref. 8 for the overscreened multichannel Kondo problembf Kondo coherence lengtéiy=vg /T« (T« is the Kondo
happened to be very fruitful for obtaining the single-particletemperature However, the tunneling characteristics are
Green’s functiongGF’s) and dynamic characteristics of this qualitatively correct even for smaller junctiohet us con-
system in the region of low temperatures. In our calculationssider low-temperature superconductors with a critical tem-
of the tunneling current we will use these results. The uniperature for the superconducting transiti@a<T. In this
versal zero-temperature resistivity and the temperaturecase for short junctions which have the length of the weak
dependent correction to the resistivity which originates fromjink 2d that satisfy inequalityy < 2d< &, the theor§ can be
a leading irrelevant “dangerous” operator was fodhidn- applied.
like the case of a simple Kondo impurity, the dip in the The tunneling current is given by the second derivative of
conductance arouni=0 that appears in Cu point junctions the nonequilibrium Green's functioG =< of the three-layer
was explainetiby theory’ using the 2CK model. An alterna- Sk S system. This derivative is taken at the interfaces be-
tive eXplanation of this effect based on the d|p in the densit)tween the weak link and Superconductors_ The method re-
of states in disordered metals has been recently suggested Ryes the exact GF's of the entire system to the GF's for three
Wingreen, Altshuler, and Meir: Therefore it seems useful jsolated layers. Moreover, as usual for the nonequilibrium
to study other tunneling systems like a short constrictiongase, the less than functio®~ are expressed in terms of
between two superconductors or between the superconductfétarded and advanced GF's and distribution function. Let

and normal metal that consists of a 2CK-type weak link. < represent this second derivative ®F at the left inter-
In this paper we calculate the tunneling current inggcel

superconductor-2CK-metal-superconductsK(§ junctions. L
We also consider the limits when oneNKS) or both M==—(h2(2m)) 73(XV) (X' VA7) G=(r,1");_f— 7a;
(NKN) banks are normal metals. The method we ugetf, (1)
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then the current density in the direction normal to the with electrons is given by the scattering mathm(E).8 In
planes of the junction’s interfaces assumes the form Nambu space it assumes the form

j(=el(h2m) > (pt|TrP.(M“gi—g[M~ . 2a)
P 3 T(E)=(2imy) ! 1+\/?[1—ie(E)]\/E
+M'g7 —grM?)|pt), 2) i

— H -1,—-1.
where P, =0.5(1+ 73); 73 denotes the Pauli matrix which =(2imv) "z ©®)
acts in Nambu space created by two channels. ’The SUPShare e(E) is the step functiony is the electronic density of
scriptsa andr stand for advanced and retarded GF's, respecyiates per spin and per channel, angtands for the cou-
tively. Hereg, =g, (L,L) is the layer GF of the left electrode pling constant with 2CK center is negative at low

at the points of lefSK interface;p is the component of total temperaturdand|\|= a/T. In Ref. 8 the value ot was
momentum parallel to th&K interfaces and Dirac notation assumed to be unity. However, here we consider it as a free
for the matrix elements has been used. parameter which can be determined from experiment.
Unlike Refs. 13,14, we consider the metallic weak link  The two additional GF’s that are involved in E¢),
with the Hamiltonian that includes some constant diagonaf, =g, .. can be obtained from E¢5) by simply replacing
potentialU.*® Such a potential can be produced for example; jn w= —acosh(Zd). An SKScontact under constant bias
by the mismatches in Fermi velocities of superconductorgjtage shows a time-dependent current. We calculate the
and normal metal’ If U>ug (ur is the Fermi level then  zero-frequency component of this curreh) that reflects the
we have the tunnel junction; wheéh< g or U=0, then the |y characteristic of the junction. Next, we insert expressions
weak link is the normal metal. At the points 8K bound-  (5) and (6) into the basic equationé) and (4) to get the
aries the functiorM = in the same way a6~ is related t0  advanced, retarded, and less functidh® M", andM <. At

M" andM*® (Refs. 12-14 as follows: this stage, the analysis of the different terms in form@las
om completed. Next, we calculate the current directly. The en-
- ?M<= M'(g + g5 )M2—M"gs RM3(RL) ergy representation is the most useful for this purpose.

Therefore we write Eq(3) in E representation and after
some algebrasee Ref. 14 arrive at our principal result

_ r < a r
M'(LR)gpr M*+M'(LR) | =14+ 1x, where

X(gpr+ gr)MA(RL) (3)
Here the GF's of the weak Ilink are involved: _2e * P <
Ob.=0n(LL), Ibr=9b(LR), 9bLr=Un(LR), GbrL Id"_?Re< fﬁwdEDTrP+[F (0 +Dgg)
=g,(RL), and gr=0gr(RR) describes the right supercon-
ductor. P
The functiondM? andM" obey the matrix equation which XIPgr—T gR]>’ @

directly follows from the boundary conditions on exa@)(
and layer §) GF's,

e ©
M M(LR)) 2m({9i+0p.  —Obir |t IK:%NiI dETI[(W'A+H.c)—-W'FW*B]. (8
:? . —

4
M(RL) M(RR) —ObrL  OrRTObR @

Equations(3) and (4) are a complete set that permits one toHere( ) denote a two-dimensional sum over N; stands
determine the nonequilibrium functiod_ . What we need for the number of two-channel Kondo centers in the weak
now are GF's for every separate laygmwhich have vanish- link with constriction are&, D is the variable parameter that
ing derivatives aSK interfaces. In the barrier region these chfrazctenzezs . the ~ transparency of the  barrier,
GF’s can be obtained using the solutions found by AffleckP =@ (1+w?) ", and the abbreviation H.c. stands for Her-
and Ludwid and which are based on conformal field theory Mitian conjugation of the first termy; describes the direct
arguments. To simplify the expression for the current and atunneling contribution to the total current, and coincides with
the same time not damage the physical results we considé"r?e result ob_tained by Arnoltt.T is the resolvent matrix for
an approximation that takes the positions of two-channefliréct tunneling and has the form

Kondo centers in the middle plane of the weak link; i.e., their

x coordinates are equal to zero. In this case we have Il=g, +Dgg+wW(1—D)rs. 9)

9brL=ObLR= — (2M/Ky)ar385 57 +b(P)D(P")75T(E), (5 The Kondo componerti of the current depends on the com-
plete resolvent propagat®. This propagator incorporates
the interaction of electrons with 2CK levels. For its retarded

H ry—1_ n—1_.r r H
b(p) =m[ xsinh(xd)]~*. In this equation and also below we Lorm we can write W') "= (3T') "~ y" wherey' is given
drop the index for the retarded functions. The correspond- y

ing advanced forms are obtained by taking Hermitian conju- . . b el o~ tr
gations of the retarded ones. The interaction of 2CK centers Y'=(2m) (kb (g1r) "+ Q 7" m3Q]),  (10)

wherek,=\pz— p?, k=ivV2m(ur—U)/2%—p?, pg stands
for Fermi momentum, a=k,[«sinh(2d)]"%, and
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where Q=r3+ag;s, gir=gr+Wrs, and b=b(p). The Y
valuesA and F are related to the nonequilibrium Green’s 14
function G= and therefore they depend on the distribution

function 1.2

2mA= (kb Q'g T3P, (")~ +D(gaP, —P,gR))

- - 08
—D(rs/a+QNgrI'*(gfP, —P,gD)1Q"), (11)
0.6
2mF= (kb7 Qg Q°~ (1+aQ 75)(gr ) “(1+arsQY)]) y
' f
+2mFy, (12) 02 03 04 05
where Fr="f(r3T?) 1= (7r3T") " 1f, Qa=F373Qa, FIG. 1. The temperature dependence of the 2CK part of the
Q'=(Q%", andgz, =fgk, —0r.f; in the E representa- conductance. PloY [see Eq.(3)] as a function oft=\T/A. The
tion f is the Fermi distribution function. region of low temperature§<T; has been considered.

In Eq. (8) the matrixB is a combination of retarded and

advanced Green’s functions and thus does not deperfd on ~ The NKS junction contains one electrode which is a su-
perconductor. Therefore Andreev reflection takes place, an

2mB=(k.bA O (a?P. —P.g")Oa1). (13  effect which is especially pronounced at low temperatures
(b TQUGEP —P0UQ™]) T<A. With the help of Eq.(14) we can calculate all the

So far, we have considered the general case. Equétjon ValuesA, B, F, andW and find the conductances, of
represents a complicated operator equation in energy Spad}s}KSjUﬂCtiOﬂS. Let us first consider the case which has di-
For the nonequilibrium state, it contains nondiagonal matrixect contact with Blonder-Tinkham-Klapwijtk (BTK) and
elements. Therefore, the entire problem requires numericdbeenakke® theories. In the limit of a pure ballistic junction
calculations. Below, we concentrate on the cases when ai#—>) at zero temperaturegs,=2oy,,, the well-known
analytical solution is possible. The approximation which will BTK result. This relation also holds if we have a resonant
be used corresponds to the metallic barrier with no elasti¢evef'® in the junction (Re—0). The full resolvet of this
reflection at the boundariesJ0, D=1). For NKS junc- level includes only tunneling rat¢seeW* for NKN in Eq.

tions we have g =i, (E|g]|E')=-2i[f(E+eV)P, (15 (220)]. A simil_ar situat@on takefs pIacc_a in the insulating
+f(E—eV)P_] S &/, andgh=i(e;+ 771) with or disordered semiconducting barriers with resonant levels
’ (see Refs. 14, 18, 19 and recent Wk The resonant tun-
IE|6(|E|-A) EO(A—|E|) . neling through these levels defines the current. Here the con-
€1= _ , m=———. (14  ductance for the single channel is determined by the tunnel-
VE—A iVAS— E ing widths which deviate from unity. Therefore, Andreev

reflection does not exactly double tle,, conductance in
NKSjunctions®® This conclusion is valid for a fixed energy
and position of the resonant level. After averaging over the
position and the energy of resonance impurity is
performed*!®?° the real conductance deviates from
theory!"'8 The scattering from a 2CK center or from a one-
channel Kondo impurity strongly interferes with the tunnel-
1 r ing, which is a cause for more complicated relations follow-
(W) =im[1+22]. (15 ing from Eq.(8) and Eq.(6).
Equations(7) and (8) are simplified and we arrive at the ~ Two models(2CK and one-channel Kongdliffer in the
conductancer,,, which has a dip as the function of tempera- unitary limit (A=0) where we have[see Eq. (6)]
ture aroundT=0 and theﬁ dependence, Trondo=2T2ck- For our purpose the difference between the
energy dependent terms in E@) is more important, be-
2e’N;Rs  16ae’N;Rg cause they contribute to the temperature dependence of con-
“~on T on VTUTk|: (1)  ductance. For the one-channel Kondo case we Ha¥e
behaviof which results in a small? correction to the zero-
The zero-temperature contact resistaRgeis related to the temperature resistivity. In the case of the 2CK system the
Sharvin resistanc®s as Ry=Rg(1+ 2e°N;Rg/9h). Sharvin  difference between the zero-voltage conductanceN&fS
conductanceRg *=Sp#/(47?) defines the total number of junctions and the zero-bias anomaly in conductance of
tunneling channelsl; ; thunglzeth/h_ In experimentg2 NKN point contacts as the function of temperature becomes

the number of 2CK centefd;<N;. Therefore for the small
number of 2CK channel®,=R4J1+2N;/(9N,)] and we [o0dT) = n(T=0)]y OZRil 1+ ZaNiY /ﬁ)
ns nn — 1
N Tk
(18)

can rewrite Eq(16) in the form
16aN; _ o .
o =R 1+ NG (17) whereR;=Rg(1+ 1.54N;/Ny). The functionY is plotted in
o 9N « Fig. 1 and shows neat/T dependence as in the normal

Here 8(x) =1 if x>0, andf(x)=0 for x<0.

If the right electrode is also normal metaNKN junc-
tion), thengg=i. This case was discussed in Refs. 1,2. In-
serting these expressions for GF's into formu(a8)—(13)
we get A=—if(E)P .7y, F=—imv{f(E+eV)+f(E)[1
+2(z'+2%]}, B=—iP @y, y=—iwy, and

_p-1
onn=Rs
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J function of temperature. However, the number of Kondo
centersN; has to be not too small to make this effect observ-

0.785 able.
0.78 To compare this effect with related effects, we note that

the critical Josephson current also has been calculated in the

0.775 . . .
case of resonant tunneling in disordered tunnel
0.77 junctions#?223and for a one-channel Kondo impurity in a
0.765 tunnel barrie?* (There is a difference for the Josephson cur-
0.76 rent atT<T. in Refs. 14 and 23. This deviation, probably,
occurred because a phase-dependent contribution to the spec-
0075 01 0125 005 0175 02 0235 trum in Ref. 23 was missedAslamazov and Fistif? con-

sidered the resonant tunneling in superconductor-
FIG. 2. The 2CK component of the Josephson curteais a  Semiconductor-superconductor junctions through period-
function of reduced temperatut& =T/A for particular values of ically arranged impurity atoms, where the important param-
the Josephson phas¢= /2 anda=0.07. eter is the width of the impurity band. For a not too thick
weak link only one impurity tunneling is relevant. Let us put
NKN structures. The unity in brackets of E(L8) is the  this impurity in the middle of the barrier and fix the energy
consequence of Andreev reflection at t& boundary*® of the resonant level at resonance. Then the Josephson cur-
A nonzero constant voltage bias applied t8€SJoseph-  rent from a such level is proportional to tieO) contribu-
son junction causes the strong time dependence of the lefilon [Ed. (19)] per one channelsee the equation after Eq.
hand GF via its phase difference: g (t,t") (58) in Ref. 14. The same is valid for the Kondo impurity
— ex;{—¢(t)7'3/2]g(t—t’)exr{qﬁ(t’)Tg/Z], where the Fourier [Eq (5) Of- Ref. 24 Wlth gqual tunnellng rat].?gn- th|S. CaS-e a-t -
transform ofg(t—t') is given by Eq(14). WhenV=0, only =0 the impurity spin is screened and the situation is simi-
the constant Josephson phaseremains andg, takes the |ar to the fixed resonance level problem. In the ballistic junc-
form g, =i[e;+ n7expl¢rs)]. Substituting this definition toNs (2>&c) which we consider here, the 2CK centers
for g" and a similar expression for the advanced GF in Eqsdepress the Josephson curreRg grows in the unitary limit
(7) and (8), we obtain the Josephson current. However, thdor the Kondo scattering\(=0). They decrease the conduc-
best way to perform the calculation of Josephson critical curtanceR; * [Eq. (17)] in the NKN junction. However, at low
rent is to start directly from the thermodynantMatsubura  temperature§ <Ty the 2CK model contains an interaction
representation of Eq$7) and(8) and GF’s. The dc Joseph- which vanishes at zero temperature; i.e., it is irrelevant in the
son effect in clean point contacts corresponds to the ballisti€enormalization group sense. This interaction, represented by
motion of carriers and was studied by Kulik and the term which is proportional td in Eg. (6), causes an
Omel’ynchuk(K0).?! At low temperature3 <T, the current  inelastic transport which can provide additiorda}, super-
phase relation deviates from ginresulting in a higher Jo- current with strong temperature dependence. This effect is
sephson critical current than that of tunnel junctions. Interdike the formation of a dip in the conductance KN and
action with 2CK levels brings an additional contribution to NKS junctions.
the current. Thus the total Josephson current can be ex- An alternative explanation for experimentally observed
pressed as the sum of two terms A (Jeo+JN;/N,)/  dip in the conductance dfKN junctions* is related to the
(eTqS) Whereﬁsz Rs(1+N;/Ny), disordered point contacts. This explanation is based on the
known dip in the density of states caused by the interactions
o between electrons. For the Josephson junction we can use the
_ ; 2,72 -1 expression for the critical Josephson current in a dirty point
JKO_TASInd)n:Zx [on+A%c0s(4/2)] contact>? to estimate the effect of an electron-electron in-
teraction. IfT<T,, then we hav®

) Acogq ¢/2)
=sin(¢/2)tan ——=——|, |o|<m, (19
2T A
Id=?Gcos{ ¢l2)arctam[sin( ¢/2)]. (21
J=4TAsing 2, {022+ 4[ w2+ A%co2($/2)] Here G is the average conductance which has a dip as a
n=- function of temperatureG=G(T=0)[1+14(T)]. For a
+ 40,50, 1. (200  three-dimensional3D) systent,’

HereQ,= w2+ A? wherew,=7(2n+1) are odd Matsub- I(T)= VT 22

ara frequenciesS=1+ 24\ \(Jw,|)/(27) is related to the T y(hDg)

scattering matriXsee Eq.(6)].

For the particular values of the phase differenceHere D, denotes the diffusion coefficient. Thus there is a
¢=ml2, the ratioA/Tx=0.1, anda=0.07, we plot(see noticeable difference between the Josephson current of dirty
Fig. 2 J as a function of the reduced temperattireT/A. point contact$Eq. (21)] and that of a ballistic junctiofEgs.
This figure shows that the Kondo component of the critical(19) and 20]. The current-phase relationship a8<€T.) of a
current increases witfi, while theJxg term decreases as a ballistic point contact in the regime of the direct tunneling
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[the KO part, Eq.(19)] and a disordered point junction
shows large deviation in the vicinity of|~ 7/2 (see Fig. 2

A. GOLUB
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NKSjunctions and the Josephson curren8iK Spoint junc-
tions. In both cases, a new temperature-dependent contribu-

of Ref. 26. In the disordered limit also the coefficient of the tion appears—an effect which reflects the importance of the

temperature-dependent tery/T is a strong function of the

interaction between the carriers and the 2CK centers. Future

electron mean path. We suggest that these characteristic fe xperimental investigation of these junctions will be helpful

tures, the current phase relation, make the investigation

the Josephson junctions promising for fixing the real mecha*®

nism of current transport in the considered systems.

r an analysis of effects which are related to the existence of
CK centers.

| wish to thank Professor B. Horovitz for interesting dis-

In conclusion, we have calculated the conductance otussions.
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