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Anomalous charge transport in triplet superconductor junctions

Y. Tanak&? and S. Kashiwaya
1Department of Applied Physics, Nagoya University, Nagoya, 464-8603, Japan
2CREST Japan Science and Technology Cooperation (JST) 464-8603 Japan
SNational Institute of Advanced Industrial Science and Technology, Tsukuba, 305-8568, Japan
(Received 13 May 2004; published 28 July 2p04

Charge transport properties of a diffusive normal metal/triplet supercondi'S) junction are studied
based on the Keldysh-Nambu quasiclassical Green’s function formalism. Contrary to the unconventional sin-
glet superconductor junction case, the mid-gap Andreev resonant state at the interface of the TS is shown to
enhance the proximity effect in the DN. The total resistance of the DN/TS junction is drastically reduced and
is completely independent of the resistance of the DN in the extreme case. Such anomalous transport accom-
panies a giant zero-bias peak in the conductance spectra and a zero-energy peak of the local density of states
in the DN region. These striking features manifest the presence of novel proximity effect peculiar to triplet
superconductor junctions.
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Physics of superconducting junctions has been one of thiarger thanR,/2+Ry. This is because the angular average of
exciting fields of solid state physics in this decade. dif- many channels at the DN/USS interface destruct the phase
fusive normal metal/conventional singlstwave supercon- coherence of the MARS and the proximity effésee Fig. 1
ductor(DN/CSS junctions, it is known that the phase coher- This destructive angular average is due to the sign change of
ence between an incoming electron and an Andreev reflectetie pair potentials felt by quasiparticles with injection angle
hole plays an essential role in causing the proximity effect ing and those with #, where the angleb is measured from
the DN22 It is also known that the total resistan&of  the direction normal to the junction interfa¢see Fig. 1
DN/CSS junctions does not follow the simple Ohm’s rule, However, in diffusive normal metal/triplet superconductor
that is, R=Rp+Rg_-o WhereR;, is the resistance in the DN (DN/TS) junctions, we can escape from the above destruc-
and R -9 is the resistance of the DN/CSS interface. Thetive averaggsee Fig. 1. We can expect enhanced proximity
reduction ofR becomes prominent for low transparent junc- effect by the MARS. In order to study this charge transport,
tions, whereR< Ro+Rr =0 is satisfied’ The lower limit of R
is given byRy+Ry/2 using the Sharvin resistan&g, where DN USS
RRD:O:ROIZ is satisfied only for perfect transparent (a)
junctions? Previous investigations of the proximity effect,
however, are limited to DN/CSS junctions. Stimulated by the
successive discovery of unconventional superconductors, we
are tempted to expect novel proximity effect in junctions finite proximi
with unconventional pairing, e.g.p-wave, and d-wave, L
where pair potentials have sign change on the Fermi surface.

In unconventional superconductor junctions, reflecting the

A ()

MARS

internal phase of the pair potential, charge transport becomes DN DN
essentially phase sensitive. The most dramatic effect is the (© (d)
appearance of zero bias conductance g&aCP)*® in tun- A_(0) A_(9)
neling spectroscopy due to the formation of the mid-gap An- ‘@
dreev resonant stai®lARS).6 The origin of the MARS is

due to the anomalous interference effect of quasiparticles at zero proximity< N finite proximity
the interface, where injected and reflected quasiparticles feel No MARS MARS
different sign of the pair potentiafsit is an interesting issue /2

to clarify the role of the MARS on the transport properties of
superconducting junctions. Recently, we have developed a
theory of proximity effectl, Wh'Ch. is available for a diffusive coming quasiparticles for the DN/USS and the DN/TS junctions
normf_il m?tallunconvem'or_]al,S'nglet gupercqndyc(lDN/ . and the correspondind.(¢) are schematically illustrated. As a
USS junction, where USS indicates anisotropic singlet pair-pototype, we choosa,=A,cod2(6F )] for the DN/USS junc-
ing like d-wave’8 Unfortunately, however, it is revealed that {jons [(@ and (b)] and A,=+A,cog(6F a)] for the DN/TS junc-
the proximity effect and the MARS compete with each otherijons[(c) and(d)], respectively, wherd, is the maximum value of

in DN/USS junctions. Although the interface resistancethe pair potential. The measure of the proximity effégis deter-
Rr,=0 is reduced by the MARS irrespective of the magnitudemined by the integration for all injection angles, i.e., the angular
of the transparency at the interface, the resuliig always average over the hatched area.

FIG. 1. Trajectories in the scattering process for outgding
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we must construct a theory for DN/TS junctions beyond pre- . w2 . w2

existing oneg1° This is in fact very timely since triplet <|(¢)>EJ d¢o COS¢|(¢)/J d¢ T(p)cosg  (2)
superconductors have been discovered successively very 2 2

recently!!

In the present paper, we derive a conductance formula f
DN/TS junctions based on the Keldysh-NamiiN) ' . ) .. .
Green's function formalis?8 The total zero voltage resis- Matrix currentl is a function ofT(¢), G;=Gn(x=0.), Gas,
tanceR in the DN/TS junctions is significantly reduced by andG,_, whereG,, (G,_) denotes the outgoingncoming
the enhanced proximity effect in the presence of the MARSGreen’s function in the TS. The Green’s functions are fixed
At the same time, local density of stat@DOS) in the DN in the “TS” terminal and in the “N” terminal, and the voltage
region has zero energy pegkEP) due to the penetration of ;g applied to the “N” terminal located a&=-L. éN(X) is

the MARS into the DN region from the triplet supercon- j.iarmi f th | fi ith If
ductor(TS) side of the DN/TS interface. It is remarkable that determined from the Usadg equation wi E(AG')' we
denote the retarded part @y(x) and G,, as Ry(x) and

whenRy is sufficiently larger than the Sharvin resistafige )
R is given by R=R,/C_, which can become much smaller R;..2 the following equations are satisfied®Ry(-L)=m,
than the preexisting lower limit value &, i.e.,Ry/2+Rp. In éz»_f:(fﬁ'y‘*gﬁ'z) with  f,=A.(¢)/A%($)-€ and

the aboveC_ is a constant completely independent of bOthg,_;e/Vez—Ai(q’)), using the Pauli matrices: denotes the

Rp andRg, whereRg denote; thq '”tef.f"’?ce resistance in theenergy of the quasiparticles measured from the Fermi energy.
normal state. When all quasiparticles injected at the mterfacg (#) [A(¢)] is the pair potential felt by the outgoing
. _ -

feel the MARS,R is reduced to bd&R=R,/2 irrespective of : L .
the magnitude ofRy and Rg. The line shape of the bias coming quasiparticlegsee Fig. ]. After some algebra, we

voltageV dependent conductanegeV) has a giant ZBCP. can show thaRy(x) is given by sind(x)7,+cosé(x)7,. The
These features have never been expected either in DN/CS3patial dependence @fx) in the DN is determined by
or DN/USS junctions. P

We consider a DN/TS junction with TS terminal and nor- D—6(x) + 2iesin 6(x)] =0, 3
mal reservoirlN) connected by a quasi-one-dimensional dif- 2
fusive conducto(DN) having a resistanc®p. The flat inter-  wjith diffusion constand in the DN. Taking the retarded part
face between the DN and the TS has a resist&cehile  of Eq. (1), we obtain
the DN/N interface has zero resistance. The positions of the

with Iv(¢>):f. The resistance of the interfa¢® is given by
%Rs=(Ry). As shown in the Eq(2) in our previous papet,

DN/N interface and the DN/TS interface are denoteckas L 96 - (2Bg) (4)
-L andx=0, respectively, as shown in Ref. 8. We restrict our Ro X |wo Re'’

attention to triplet superconductors wi=0 that preserves

time re\_/ersal symmetng, den_otes thez component of the (I'; cosfy—T'5 sin ) T(h)

total spin of a Cooper pair. It is by no means easy to formu- Br

late a charge transport of DN/TS junctions since the quasi- (2=T(#)T's + T(¢)cosbpl’s + sin ol ]

particle Green’s function has no angular dependence by th&ith 6,=6(x=0_), I',=g,+g-, I'3=1+f,f_+g,0_, and, I';
impurity scattering in the DN. However, as shown in our=j(f,g_—g,f_). Here, we focus or=0, where the left-hand
previous papef? if we concentrate on the matrix curreht8  side of Eq.(4) is reduced to bey/Ry. We defineF.(¢) as
via the TS to or from the DN, we can make a boundary,:t((ﬁ):"mﬁo f,=signA.(4)) with signA,(¢))=1(-1) for
condition of the KN Green’s function. We assume that thex (4)>0(<0). In the following, we define the terminology
constriction area betwee_n the DN and the.T.S is subd_lwdegs follows: when,(#)A_(¢)>0 is satisfied, quasiparticles
into an anisotropic zone in the DN, two ballistic zones in theare in the conventional channels(CC), while when

DN and the TS, and a scattering zone, where both ballisti(‘A ()A_($) <0 is satisfied L ;
A . . + - , quasiparticles are in thecon-
and diffusive regimes can be coverf&tihe sizes of the bal- ventional channelsUC). In UC, quasiparticles feel the

listic zone in the DN and the scattering zone in the current ' ARs while in CC quasiparticles do not feel the MARS

flow direction are much shorter than the coherence lefigth. : o : g '
+)= +

The scattering zone is modeled by an insulating delta func—FOHOWIng the above definitiork, (+$)=F_(£¢) is satisfied

tion barrier with the transparenci($)=4 co$ ¢/(4 cog ¢ for CC, while for UC’F“(id’):_'.:‘(i(ﬁ) Is satisfied. From
’ . . . Eq. (4), we can show thaBg is zero for CC andBg

+Z¢), whereZ is a dimensionless constant a#ds measured =iF ,(¢) for UC, respectively. Theng, becomes

from the interface normal to the junctiénThe boundary * > fesp y 0

condition for the KN Green’s function in the DEéN(x)] at

the DN/TS interface is given by b =1RpC-/Ro, C- :f F(¢)cos¢de, ®

uc
L. oG x) “h . where [,c means theg integral only from the UC within
—| Gn(X) N = OF (1) -m/2< $p<ml2. A remarkable feature is tha becomes a
Ro X x=0_ 2¢°Rg purely imaginary number as shown below. From EB8),

. A(x) at e=0 becomes(x)=(x+L)6f,/L. Since the LDOS of
using matrix current.”8 Average over the angle of injected the quasiparticles in the DN region renormalized by its value
particles at the interface is defined by in normal state is given by(e)=Realcos(x)], p(0) is al-
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ways larger than unity except for=-L. This means that p-wave d,,~wave
p(0) is enhanced due to the enhanced proximity effect by the A T
MARS and has a ZEP as shown later. In the preexisting _

theories of DN/CSS and DN/USS junctiong, at =0 is =

always a real number ang(x) never exceeds unity. abc

In order to understand the essential difference between the

DN/TS junctions and the DN/USS junctions intuitively, we 026030 003 —003 0 0.03
consider four simplified casega) the DN/CSS junctions e/l &/8g

with the CC,(b) the DN/CSS junctions with the UC¢) the ) o _

DN/TS junctions with the CC, antl) the DN/TS junctions FIG. 2. p(e) is plotted for the DN/TS junction w_|tl"px—wave
with the UC for all . This situation is actually realized by SuPerconductofieft pane} and the DN/USS junction witti,,-wave
choosing  d-wave pair potential with  A,(¢) supercond_uctor(r_lght p_ane) for Z=1.5, Rp/Rg=0.5, and Eqy
=7, co42(¢ T a)] (Figs. X&) and ¥b)) andp-wave pair po- ;9L0/22A0 with variousx in the DN. a:x=0_, b: x=-L/4 and c:x
tential withA,(¢)=+A, coq ¢ * a) [Figs. Xc) and {d)] as a '

Erc(’io(ge?: (0; (;;Sa?] d EI‘:n?Jr;)S_’ _;e?gigt'vaeg' Sggzﬁergla;g?nssituation is actually realized for p,-wave case, where pair

+\= = - +\= - - ’

; . . .
the DN/USS and the DN/TS junctions, respectively, both forpotentlals are given bXA‘—”((ﬁ.) ._AO cos¢ [see Fig. L)

; . : The above enhanced proximity effect by the MARS has
the UC and for the CC. For the DN/USS junctions with the \ /. "\ can expected in any preexisting thediie
CC, sinceF.(¢)=F.(-¢) is satisfied, the contribution t6, | der t P derstand t%/.p ; 'tg ffect i .d tail
is not cancelled by angular averagifigig. 1(a)]. For the N order 1o understand Mis proximity eniect in detail, we

) - X ) ) focus on the LDOS(e) in the DN region normalized by its
DN/USS junctions with the UC and the DN/TS junctions : C
with the CC, SINCeF.(¢)=—F,(~) is satisfied, the contri- value in the normal state. We choopgwave pairing as a

. ; . rototype of the TS. As a reference, we compare the results
bution to 6, is cancelled by the angular averaggégs. Ib) P yp W P .

) . ; . with those for the DN/USS junction witH,,-wave pair po-
and Xc)]. However, for the DN/TS junctions with UC, since ial. whereA L A =+VA in(2 Al
F.(¢)=F.(-¢) is satisfied, the contribution té, is nonzero tential, whereA.(¢) is given by A.(¢)=+AqsiN(2¢).

: . . . thoughp(e) at the TS side of the DN/TS interface and that at
g:(ggdg(i)c])t I(t:ésmrr(.a??ék;b:ﬁ;hartofq:nt.?eé)ﬁggs ]hu_lr;ctLlJogsdéhe the USS side of the DN/USS interface both have ZEP by the
ibu proximity wh ) :_formation of the MARSp(¢€) in the DN has a drastic differ-
The total zero voltage resistance of the DN/TS junction
can be given as ence between the two cases. For pavave case, the LDOS
9 in the DN region has a ZEP. The height of the ZR®) is
_Rp O dx Rs given by cosf2Ry(x+L)/(LRy)] and the order of its width is
R= L _coZ 6(x) + @, (6) Ern On the other hand, for thay -wave casep(e) is always
unity independent oRy due to the absence of the proximity
where IbO is obtained from the Ke'dysh part ofand is a effect. Contrary to the DN/TS junction, the MARS formed at
complex function ofg,, f., 6, and T(¢). At €=0, I,, be-  the USS side of the DN/USS interface cannot penetrate into

comes 1+ex{2|6|) for UC, while for CC, l,, becomes the DN. As seen fromp(e) in DN/TS junctions, the signifi-
cant reduction ofR originates from the penetration of the
2T(¢) 24 MARS into the DN. Although we have actually shown the
[2 _T(¢)]ZCO 0 existence of ZEP op(e) in the DN for p,-wave case as a
i o prototype, ZEP is universally expected for DN/TS junctions
After simple algebraR is given by with the MARS at the interface independent of the detailed
tanh @y, 2 shape of the pair potentials of the TS. On the other hand, the
= c. + [1 + ex2| 6|)]C. + cosR gD LDOS in the DN region of DN/USS junctions do not have

ZEP. Using this clear and qualitative difference of LDOS in
(7)  the DN region between the DN/TS and DN/USS junctions,

With 6g;= i 6=RoC_/ Ry, C.=[uccosdde and we can identify the triplet symmetry of the pair potentials
0i — 0~ "\D™>- » ~+—JUC

Fig. 2.
: 2T2(¢) Finally, we focus on the line shape of the tunneling con-
D= ccl2 _T(¢)]zd¢' ductance of DN/TS junctions for non zero voltage, which is

defined byo(eV)=Rg/R(eV). We choosep,-wave pairing as
where [c means thep integral only from the CC. The re- a prototype. As a reference, we compare the results with
sultingR is given byR,/C_ for sufficiently largeR,/Ry and  those for the DN/USS junction witl, -wave pair potential.
is independent both d®; andRg except for the very special Although bothp,-wave andd,,-wave cases have similar line
case withC_=0. The magnitude oR can become much shapes of the voltage-dependent conductance with the ZBCP
smaller than the preexisting lower limit value & i.e., as a function of eV for ballistic junction$,i.e., Ry=0 case,
Ry/2+Rp. This giant reduction oR is due to the enhanced we can classify these two f@&y # 0 as shown in Fig. 3. We
proximity effect by the MARS. When all quasiparticles feel choose the Thouless enerdss, as Er,=0.02A,. For the
the MARS independent of, C_ is given by 2 andR be- p,-wave case, since all injected quasiparticles feel the
comesR=R,/2 independent oRy and Rg. This interesting MARS, 0(0)=2Rg/Ry is satisfied for anyRy. For Ry # 0,
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is not changed with the increaseR/Rg due to the absence
of the proximity effect.

In conclusion, we have presented a theory of charge trans-
port in the DN/TS junctions. The total resistariRecan be-
come much smaller than the preexisting lower limit value of
‘ . . . R for DN/CSS and DN/USS junctions, i.d3y/2+Rp. As the
-02 0 02 -02 0 02 extreme case where all injected electrons feel the MARS,

Vi © is reduced to b&,/2. The significant reduction dR is due

FIG. 3. o(eV) is plotted as a function of eV for the DN/TS to the enhancgd proximity _effect by the MARS and the re-
junctions withp,-wave superconductd@left pane) and the DN/USS sulting LDOS in the DN region has a ZEP. At the same t'_m(_a’
junctions withd,,-wave superconductaright panej for z=1.5and W& can expect giant ZBCP. The above enhanced proximity
E7h=0.024,. a: Ry/Rs=0, b: Ry/Rz=0.5 and c:Ry/Rg=1. effect has never been expected in DN/CSS and DN/USS

. junctions. We have shown in the present paper that these
o(eV) can be expressed by the summation of the broagffects are actually realizable for DN/TS junctions with
ZBCP and the narrow one, wherg=Ro/Rg denotes the p.wave pair potential. We believe that these features are eas-
angular averaged transparency of the junction. The width ojy verifiable in experiments since a mesoscopic interference
the former one is proportional toyA, and the latter one is  gfact due to the proximity effect has recently been observed
the Thouless energy. However, with the increas&fRs, i high T, cuprate junctiond? Similar experiments are tech-
a(eV) for |eV|>Er, is suppressed, and the ratio@f0) to 1o qically possible for junctions composed of B0,
its background value is largely enhanced. We can call th'%vhere triplet pairing is believed to be realiz8d.
largely enhanced(0) as giant ZBCRcurveb or c in the left
panel of Fig. 3. By contrast, ford,,-wave case, since(0) The authors appreciate useful and fruitful discussions
=2Rg/(Ry+2Rp) is satisfied,o(0) is reduced with the in- with Y. V. Nazarov, A. A. Golubov, J. Inoue, Y. Asano, and
crease oRp. The width of ZBCP is proportional thgoy and K. Kuroki.

c(eV)
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