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Quasiparticle current in ballistic constrictions with finite transparencies of interfaces
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Nonstationary properties of ballistic constrictioB$Vc/NS with disorderedNS electrodes are analyzed
theoretically. Amplitudes of Andreev and normal reflections at the constriction are related to the solutions of a
stationary Green’s function problem in an inhomogeneli&electrode in the dirty limit. This provides a
generalization of the model of Octavio, Tinhkam, Blonder, and Klapwijk for a spatially inhomogeneous case.
The relation between the quasiparticle currenSi/c/NS junctions and the energy spectrum oN& prox-
imity sandwich is found for arbitrary parametersifand S materials and oN S interfaces. The effect of the
proximity layer on the excess current and the subharmonic structure are analyzed in detail and related to the
parameters of th& and N materials. The appearance of series of subharmonic peaks associated with the
two-gap structure in the density of statesN$ electrodes is demonstrated.

[. INTRODUCTION tion and slash denotes the baryjés a suitable starting point
to discuss more complicated models. In this case the stan-
Tunnel junctions with high critical current density are dard tunnel theory is not applicable, and the transport
presently a subject of extensive experimental investigationhrough a constriction with finite transparency should be
(see Ref. 1 and references thejes was shown in Ref. 1, considered instead of the tunneling through the batrier
barriers in Nb-AIQ-Nb junctions with highJ are likely to The properties ofS/c/S constrictions with spatially ho-
be a series of constrictions each having rather high transpamogeneous and equilibrium superconducting electrodes are
ency, and therefore they do not fulfill conditions of a stan-presently well understood. The widely used model is based
dard tunnel theory. Additionally, a proximity layer near the on the theory of Andreev and normal reflection processes at
barrier consisting either of a normal mefdlor of a super- the NS interface developed by Blonder, Tinkham, and
conductorS’ with reduced critical temperatuf®, is usually  Klapwijk!’ (BTK mode). This theory was applied t6/c/S
present in Nb-AlQ-Nb or NbN/Nb-AIQ,-Nb/NbN junctions.  junctions by Klapwijk et al, and Octavioet al8° (KBT
The existence of such proximity layers is a consequence aind OTBK models In their approach, the current through a
the Nb technolog§,where the dielectric barrier of a junction constriction is fully determined by the amplitudes of normal
is produced by the deposition of a thin layer of another maand Andreev reflections at twf/c interfaces. Andreev re-
terial onto the lower electrode. In most cases a thin Al overflection processes lead to the existence of excess current at
layer on the Nb base electrode is used, which is subsequentlgrge voltages, whereas the subharmonic gap strut(Be&
oxidized and often covered with a second thin Al layer. As aon |-V curves is naturally explained to be due to multiple
result, some residual Al layers appear adjacent to the diele@ndreev reflection§MAR) at the constriction. Later, a mi-
tric barrier, and the tunnel structure is Nb/AlI/AIAI/Nb. croscopic theory of current transport througtsie/S con-
Similar structures are created in the case of NbN junctions.striction was developed by Zaits@vand Arnold* with the
Moreover, in junctions used for some practical applicationgGreen’s functions approach and applied to calculation of the
like particle or phonon detectors such residual layers are sp&GS inS/c/S contacts! We note that the phenomenological
cially produced and used advantageously for collecting exOTBK approach does not take into account inelastic relax-
cess quasiparticles near the tunnel bafriEnus the resulting ation in the constriction region as well as interference be-
junctions are ofSNINStype, whereN denotes a normal tween twoS/c boundaries due to superconducting phase dif-
metal or a superconductor with smallég in comparison ference and resonant tunneling. However, as it was shown
with that of a superconduct. explicitly in Ref. 19, both the OTBK approach and the mi-
In low J; junctions the transparency of a tunnel barrier iscroscopic theors} predict the same positions of the SGS
sufficiently small and the conditions of a standard tunnelpeakseV,,=2A/n in a phase-independent quasiparticle cur-
theory® are fulfilled. In the regime of tunneling transport rent component. Therefore the OTBK model can serve as a
through a structureless barrier the propertieSNiNSjunc-  basis for calculation of the quasiparticle current in a more
tions have been discussed theoretically in a number ofomplexSNc/NS junction.
papers. 16 The above approaches differ in the way of calcu- Whereas the condition of thermal equilibrium is generally
lation of the densities of states MS electrodes of a junction, fulfilled for the constriction geometry, the other condition of
but the tunneling regime is essentially used in all of themspatial homogeneity of the superconducting electrodes is less
However, for highJ. junctions another model, namely a general. An important case of an inhomogeneous system is
small ballisticSN¢/NS constriction(herec is the constric- the above mentione8N c/N S constriction. Previously, only
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properties of clearN/c/N’S contacts with small transpar- where Ry=[2N;(0)Ae®vg,] ! is the Sharvin resistancg,
ency of theN’S interface were considered in Refs. 21,22. A is the contact aredy,(0) andvg, are the density of states
Thus the existing theoretical models do not cover the practiper spin, and the Fermi velocity of the constriction material,
cally interesting case @8N/ ¢c/NS proximity effect junctions respectively. The function$_ (E) and f_(E) denote non-
with disordered electrodeglirty limit), of arbitrary param- equilibrium distribution functions of right- and left-going

eters ofS andN materials, and th&N interface. charges. They are simply related by
The purpose of the present work is to calculate the quasi-
particle current of such junctions. The physical model of the fo(e)=1-f_(—e—eV). 2

SNc/NS structure assumes two disorder8dN electrodes o )

connected by a small ballistic constriction of the size smaller "€ distribution function f_(e) can be found
than the mean free path 8. In this case the potential drop self-consistently’

takes place at the constriction, and therefore the electrodes

are in thermal equilibrium. The ballistic condition is impor- [ —(€)=Ale)T_(e=eV)+B(e)[1-f_(—e—eV)]

tant. It should be compared with the opposite limit of a dis- +T(e)fgle). 3
ordered constriction of a size larger than the mean free path.

The latter case was studied theoretically by ArtemenkoThe coefficientA(e), B(e€), andT(e) denote the probabili-
Volkov, and Zaitse® for S/c/S constrictions. ties for Andreev scattering, elastic scattering, and transmis-
Our approach t&Nc/NS junctions is based on our pre- sion, andfy(e) is the Fermi-Dirac distribution function. Pro-

vious work onN/c/N’S constrictions* The model of Ref. vided the energy dependencié$e), B(e), and T(e) are

24 is closely related to the original BTK one, generalizingknown, thef_ (€) function can be found numerically by an
the BTK model for the case of spatial inhomogeneous eleciterative procedure.

trodes. The microscopic Green's functions approach was Only two of the coefficient®\(e), B(e), andT(e) need
used to express coefficients of Andreev and ordinary electroto be determined, since the conservation of probability re-
reflections at the ballistic constriction via the energy specquires that

trum of the disordere®N system. As a result the quasipar-

ticle current for theN/c/N’S contact was calculated micro- A(e)+B(e)+T(e)=1. 4
scopically, retaining the simplicity and direct physical : o
meaning of the BTK model. In this paper we demonstrate thérhe OTBK mpdel was shown to_be at Ie'ast n qugl|tat|ve
relation between properties &N electrodes and the struc- agreement with the results of microscopic calculations of

19
ture onl-V curves of SN'c/NS junctions. In particular, the Arr]ror:d. f And d | reflecti f
positions of subharmonic peaks will be discussed. Apart © processes of Andreev and norma retiection of a qua-

from the fundamental interest, the results of these calculag"part'cIe incident from a normal region into a disorden:s

tions can be used for the interpretation of various experimeng'ﬁndw";:: g/vt(;re alrle:!yzedf tGhec’)lieUcally 't%ﬁRef'chA'N It was
tal data, including highl; Josephson tunnel junctions, high shown that the solution of Lorkov equationsn the I re-
T. SNS junctions, and tunneling spectroscopy of proximityg'on at distances from the constriction smaller thahas the

multilayered system?& 22 form of plane waves:

Ge(x,x') 900 o ( >> o
= ! 2 ! 4z X
F5<x,x'>) o )(f<x>)e RO g )&

Let us consider the boundary between the &ftand the (5)
right NS electrodes as a small constriction of size
a<min(lg,l,), wherelg,l,, are the mean free paths 8fand
N. We assume that thd and S metals are in the dirty limit
ln,s<§n,s-

The theoretical description &/c/S contacts was elabo-
rated by Octavio, Tinkham, Blonder, and Klapwijk
(OTBK).2® They modeled a point contact as a .
superconductor—constriction-superconductor structure with fx) — I(F (X)) (6)
elastic scattering a®/c interfaces, which can be simulated g(x)  1+(G(x))"

- i i : =HX . e
by a é -function potential of strengthl: V(x)=H X §(x) [or, The functions (F.(x)), (G.(x)) obey diffusionlike

in reduced unitsZ=H/(Avg) with the Fermi velocityvg]. . 29 - o . :
The Z factor is related to the normal transmission coefﬁcientequatlongs with the boundary canditions derived in Ref.

- . L . 30.
D by (1+2Z?)=D"!. Inelastic relaxation in the constric- . .
tion region and interference of tw6/c interfaces are ne- On the other hand, one can write down the solution of the

glected in the model Bogolubov—de Gennes equations for the wave transmitted

Following the OTBK model, the quasiparticle current into the SN region:
across aS/c/S contact can be calculated for a one- u
. . o\
dimensional geometry as ¢/trans=C( )elq§x+b
v

f(x
II. THE MODEL

where g(x) and f(x) are quasiclassical Green’s functions
which determine the amplitudes for the excitation to be re-
spectively into the electronlike or into the holelike states. In
the dirty limit the relation betweef g and averaged over the
Fermi surface functionéF,),(G,) is

v

o\ . -
eflqzx,
Uo

1 o0
Izﬁjm[fﬂ(e)_f“(e)]de’ @ fa1,=N2my A nxe), )
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wherem and e are respectively the quasiparticle effective 10 . . .
mass and energy, whereag,v, are respectively the ampli- 9l )
tudes of electronlike and holelike excitations. Matching the sl ]
solutions(5), (7), and using the relatio(6) together with the
normalization condition G2)+(F2)=1 one finally obtains i ]
the expressions for the Andreev reflectife), the normal « or ]
reflectionB(€), and the transmissiof(e) coefficients®* L5F .
2 8 4r
A(e)= [(Fe(0+))] @® sl 14 ]
|1+2Z%+(G(0+))[*’ RN ]
47%(1+72) -
Ble)= [1+2Z°+(G(0+))|*’ ® 00 s Lo s 20
2(1+2Z%)Re(G(0+)) &/ Ag

T 1 222+ (G 0+ [ (10 _ _ ,

FIG. 1. Density of states in thl layer of aNS sandwich nor-
The relationg8)—(10) show that in the dirty limit the coef- malized to their normal-state values at the free surfaoéid lines
ficientsA(€),B(€), andT(e) are directly related to the local and at theNS boundary(dashed linesfor y,,=0.1 and different
energy spectrum il near the constriction. In particular, the yg=0 (curve ), yg=1 (2), y5=5 (3), andyg=10 (4).
local density of states near the constriction is given in the
usual way aN(e) =Re[(G.(0+))} which demonstrates ex- The self-consistency equation for the order parameter in the
plicitly the relation between the transmission coefficiei@® S region has the form
and N(€). The expression$8)—(10) generalize the corre-

sponding BTK relations for a spatially inhomogeneous A(x)In l+212 Ag(x) —sing(x,e=iw) |=0.
case. In a spatially homogeneous case Green's functions ° T Tew Wn S "

are given by(G.(0+))=—ie/JA2— €%, (F(0+))=A,/ (15
VA§— €%, and the BTK relations follow from Eq¢8) and  The parametersg and y

9).

( )Thus, according to Eqg1), (3), and(8)—(10), the current _ Rs _ psés

implicitly depends on the Green’s functiof&.(0+)) and YeNT L E YT puén (16)

(F(0+)) and the problem is reduced to the solution for the

proximity effect in the dirtySN sandwich. The proximity U7
effect in dirty NS sandwiches was studied previously in strength of the proximity effect between tB&andN metals,

Refs. 30, 16 for the case of arbitrary transparency ofH whereasygy describes the effect of the boundary transpar-
interface. The angle averaged quasiclassical Green functioffICY_between these layers. Hergs, én,s= VD, o/27Tc
G(e,x)=cosHex), F(ex)=sind(ex) in the dirty NS bilayer and Dy s are normal state resistivities, coherence lengths,

have simple physical meanings: is a measure of the

satisfy the equation and diffusion constants of thd and S metals, respectively,
while Rg is the product of the resistance of tN& boundary
£2 50y, (X) +i € sinfy o(X) + Ay g(X)COSy 5(X) =0, and its area. We have normalizedndA(x) to wT., where

(11)  Tc is the critical temperature of the bulk To reduce the
) number of parameters, only the case of a thnlayer,
where £y, A s is the order parameter. To be more spe-q /¢ <1, will be discussed below. Then the parameters of
.CIfIC, we s_hall discuss bglow the partlcqlar_caseAqu 0, the proximity effect problem arey,=aydy/& and
i.e., of T.,,=0 (NSsandwich. The generalization to the case ye=ayendn/én. Here a=In(T/T.)INQ2y* Qy/mTy)
of nonzeroT, is straightforward®!® and can be mainly W‘?]ere TB':' ih; tf';‘e critical temperattlrec of thal Iadyersalé
taken into account by proper renormalization of the proxim-, ZWTE(SN/dN)Z, and y*=1.78 is the Euler's con’stant.

ity effect parameters, which does not change our result§, dependence of the parameteon T, /T, can be found

qualitatively. in Ref. 16.
The boundary conditions at #S interface &=0) have For the case of arbitrary values of the parametemnd
the form? vg the boundary value problerfll)—(16) was solved nu-
£ 01, =SiN Bs— Oy) merically. Using the solution8y(e,x), one can calculate the
YBENEN s N local density of stateBl(e,x)=Re co#i(eX) at any point of
YénON=Esbs, (120 the system. Some typical results of the calculations of the

densities of stateBl(e) at low temperature3 =0 in theN

whereas in the bulk of th€ layer region near the constrictiofsolid lineg and in theS region

04()=arctafiAg(T)/ €] (13  hear theNSboundary(dotted lines are presented in Figs. 1
and 2[here and belowA, denotes the bulk gap(T)].
and at theN metal free surfacex= —dy) It is seen that at smally,, values two peaks exist in

, N(e) in the N region. The first peak corresponds to the en-
On(—dyn)=0. (149 ergy gap inN, Ay, which is reduced in comparison to the
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FIG. 2. Density of states in thd layer of aNS sandwich nor- .
malized to their normal-state values at the free surfaoéd lineg ost f 0.8l
and at theNS boundary(dashed linesfor y,=1 and different ¥
78=0 (curve 3, ys=1 (2), s=5 (3), and yg=10 (4).

;@0.6- e ] 0.6} d

bulk gapA, whereas the second peak corresponda 4o o)
As will be shown below, this two-gap structure manifests < 04} 0.4¢
itself on -V curves of theSN¢c/NS constriction. It is also
seen from comparison of Figs. 1 and 2, the second peak at 0.2} 0.2}
e=Ag is smeared out with the increase of the parameter
vm,» Whereas an increase ¢f (decrease of thBlSboundary 0'8 . . 0'8 : .
transparencyleads to the reduction of the smaller gAg 0 05 10 15 00 05 10 15

which scales as-Ag/yg for large yg>1. e/ Ag e/ Ag
Using the above results, one can calculate the coefficients
A(e), B(e), and T(e) which are related to the values of
G(e,x)=coAeX) and.F('e,x)=S|n6‘(e,x) in the dirty SN bi- FIG. 3. Probabilities of Andreev reflectioA(s) (solid lines
layer near the constrictiofat x=—dy). The results of cal-  ang of transmissiofT(¢) (dotted lines for the ballistic SN'c/NS
culations are shown in Figs. 3 and 4 for a representative S@bnstriction forz=0, y,=0.1 and differentyg=0 (a), y5=1 (b),
of parameters. For subgap energiesAy the transmission .5 (c), and yg=10 (d).
coefficientT(e) =0, which corresponds to the fact thaf, is
the real proximity-induced energy gap in the quasiparticle | o ;5 start our discussion with the case when the normal
spectrum in theN region. At finite yg values an additional scattering on the constriction boundary is abs@t 0) and
structure in the cogfﬂment&(e), B(e), andT(e€) is prese_nt.. T=0 K. For a vanishing proximity layedy—0 the OTBK
The peak ae=As in N(€) appears as a sharp singularity in reqit for aS/c/S constriction was reproducddurve 1, Figs.
the reflection and transmission probabiliti€sgs. 3 and 4 7(ab]. For this case a large excess of current of
lo=1(V>A/e)—VIRy=8/3(A/eRy) without any visible
lIl. THE RESULTS structure can be seen on the current-voltage characteristic
[curve 1, Fig. 7a)]. The absence of the subharmonic struc-
With coefficientsA(e), B(€), andT(e) determined from ture in this case is related to the fact that all quasiparticles
the solution of the proximity effect problem, a calculation of from the condensate participate in the current transfer. In-
the quasiparticle current can be done according to the OTBKleed, each of them is able finally to overcome the energy
method (1),(3). First, the distribution function$_(¢) and  gap, because there is no limitation for the number of Andreev
f_(€) are calculated iteratively. Figures 5 and 6 demonstrateeflections forz=0. The introducing of the proximity layer
the typical structure of solutions fdr_(e) for T=0 K and  results in the decreasing of the excess current and in the
bias voltageeV=2Ag. The structure inf_(€) is rather appearance of the subharmonic structiumerves 2—4, Figs.
simple for the cas&=0, reflecting two energy gaps in the  7(a,0]. The structure reveals as peaksaxima in the dy-
region, whereas foZ+0 a more complicated structure ap- namic conductivity at voltage®,=(As—Ay)/(en). The
pears due to multiple Andreev and normal reflections withinamplitude of subharmonic peaks depends on i
the constriction. We will return to the interpretation of this boundary transparencyyg parametex.
structure later. To understand the origin of this structure, we return to
Using the solutions fof _ (e) andf._(€), one straightfor-  Fig. 1 of the density of staté$(e) in theN region. As it was
wardly calculates thé-V curves according to Eq1). The mentioned above, for smal,, parametersN(e) has two
results of calculations for representative parameters sets apeaks at energies=Ag and Ay related to the volume and
presented in Figs. 7, 9-11. proximity induced energy gap$ig. 1). The peak ak=Ag



53 QUASIPARTICLE CURRENT IN BALLISTIC CONSTRICTIONS ... 369

1.0 , : 1.0
08| a 08f ™\ b
06} 0.6}
[—Q | R ——
o i e
2 04} 04}
i i
< ;! P
02} 02}
S 08005 10 15
10 10
08} ¢ 08} d
= 0.6} 06}
= - N
o
% 04} 04}
[
<
02} 02}
L A

8005 10 15 "0 " o5 10 1s
g/ Ag e/ Ag

FIG. 4. Probabilities of Andreev reflectioh(¢) (solid lines, of
normal reflectionB(e) (short dashed lingsand of transmission
T(e) (dotted line$ for the ballistic SNc/NS constriction for
Z=1, y,=0.1 and differentyg=0 (a), yg=1 (b), =5 (c), and
ye=10(d).

0.0 0.5 1.0 1.5 2.0
o/A

FIG. 5. Zero-temperature distribution functiofs (e) for the
ballistic SN'c/NS constriction at voltage biagV=2Ag, Z=0,
vm=0.01, and differentyz=1 (curve 2, yg=2 (3), andyg=5 (4).
For comparison thé (&) for an S/c/S constriction ¢/, g=0) is
shown(curve 1.

e/Ag

FIG. 6. Zero-temperature distribution functiofis (¢) for the
ballistic SN'c/NS constriction at voltage biagV=2Ag, Z=1,
vm=0.01 and differentyg=1 (curve 3 and yg=5 (curve 3. For
comparison thef (&) for S/c/S constriction ¢y, g=0) is shown
(curve 1.

in N(€) appears as a sharp singularity in the Andreev reflec-
tion probability (Fig. 3) and in the distribution function
f_(e) (Fig. 5. Thus the proximity effect plays here the
same role as a temperature ©+=0 or a normal reflection
from the S/c boundary forZ+#0 in S/c/S constrictions, but

FIG. 7. Normalized current-voltage(@) and differential
conductance-voltagf) characteristics for & Nc/NS constriction
in the absence of scattering on tRéc boundary Z=0) atT=0 K
for y,=0.01 and differentyg=1 (curves 2, yg=2 (3), and
vg=5 (4). The characteristics for anS/c/S constriction
('vms=0) are shown for comparisofurves }.



370 B. A. AMINOV, A. A. GOLUBOV, AND M. YU. KUPRIYANOV 53

FIG. 9. Normalized current-voltage(a) and differential

FIG. 8. Schematic representation of quasiparticle trajectories ir?:onductance-voltagéb) characteristics for &N¢/NS constriction
the constriction region suffering multiple Andreev reflection at for Z=1 atT=0 K, for y,,=0.01 and differentys=1 (curves 2
- - ’ m— Y- B™ d

T=0 K and at bias voltages:@ eV=(As=An)/3: (B)  _5 (3) andyg=5 (4). The characteristics for &/c/S constric-

evV=(Ast+An)/3; () eV=2A\/3; (d) eV=2A43. tion (ym=0) are shown for comparisdurves 1. By arrows the
first SGS peak is indicated of thev,=2A\/(en), V,

with one essential difference. The temperature-activated oF (As—Ay)/(en), V,=(As+Ay)/(en), and V,=2Ag/(en) se-

normally reflected quasiparticles give a negative contributiorfies (from left to righo.

to the current. This produces negative peakiima) in the

dynamic conductanc®:! Whereas, inSNc/NS constric-

tions a multiple Andreev reflection process withh,= 3.0
(Ag—Ay)/(en) subharmonics contributes an additional cur- 2.8
rent in the same direction and produces positive peaks in the 2.6
dynamic conductance. Schematically, this process with two 2.4
Andreev reflections is shown in Fig(a8. An electron from 22
the left electrode with an energy close to the volume super- g 20
conducting energy gafdg is accelerated by the applied elec- E 18
tric field E(z), suffers two Andreev reflections oN/c © 16

boundaries and finally remains in the right electrode at ener- 1.4
gies close taAy . Such a process is possible due to a finite 12
probability of Andreev reflections in theAg—Ay) energy L0
range, as is shown in Fig. 3, and is specific for the considered ' .
SNCc/NS junctions. Passing through the constriction range

00 05 10 15 20 25

quasiparticles gain the energy eV. For the process with eU/A(T)
multiple Andreev reflections the total energy gain reaches
(n+1) eV. FIG. 10. Normalized differential conductance vs the voltage for

The I-V characteristics of contacts with a finite potential 3 SN'¢/NS constriction forz=0, y,,=0.1, ys=5 and at different
barrier on theN/c boundary Z+#0) show an essentially temperatures: curve 4T/T.=0; 2—T/T.=0.7; 3-T/T.=0.9;
more reach structure, as can be seen from Fig. 9. In contragt-T/T.=0.95. By the upward and downward arrows
to spatially homogeneouS/c/S constrictions withZ#0, eV=Ag—Ay andeV=Ag+ Ay peaks are indicated.
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themselves on-V curves in a different way.

5.0 With increasing temperature the difference betweégn
4.5+ and A decreases, which can be interpreted as an enhance-
a0l ment of the proximity effect. The/=(Ag—Ay)/e peak
35l shifts to lower voltages, whereas\{+Ay)/e moves to
o 4 higher voltages, as is indicated in Fig. 10. The same effect is
=2 301 present for SN'c/NS constrictions with Z=1, where
§ 25¢ V=2A\/e andV=(Ag+Ay)/e peaks merge with increas-
o 200 ing temperaturéFig. 11).
15l This enhancement of the proximity effect can be ex-
1 plained in the present model in the following way. As fol-
1or lows from the equations of the proximity effect model dis-
0%.0 015 l.lo 115 210 35 cussed above, for a smaj,,/yg ratio one can in the first

approximation neglect spatial gradientsSrand assume for
eU/Ay(T) the order parametek5(x) the BCS valueAy(T). Then the
solution of Eq.(11) with boundary condition(12),(14) yields
FIG. 11. Normalized differential conductance vs the voltagethe equation for the energy gdyp,y in the N layer:
normalized to the temperature dependent volume energy gap
Ag(T) for aSNc/NSconstriction forZ=1, y,,=0.1, yg=5 and at

different temperatures: curve —AT/T.=0; 2—T/T,=0.7; 3— Agn(T) = Ao(T) . 17
T/IT.=0.9; 4-T/T.=0.95. 9 1+ yg AO(T)_AgN(T)/WTc
where A(e) has a one-peak structure atAs, A(e) for For largeyg (small transparency of the 'S interface the

SNCc/NS constrictions reveals two peaks at=Ag and gap Agy is small and at low temperaturedo(T)ys/
Ay. Thi.s causes a str'ong modification of the (e€) and 7T>1 is given byAgy(T)=nT./yg<Ao(T). This rela-
f_(e) distribution functions(Fig. €). For aS/c/S constric-  tjon is not fulfilled at temperatures ne@iz whenAq(T) be-
tion f_(e) is defined as a sharply-peaked curve with ancomes small. In the latter case, whig(T) yg /7 T.<1, Eq.
eV=2As periodical structure(for V=2As/e applied bias (17 yields the resulthgy(T)=A(T). Therefore both gaps
voltage. This periodical structure is responsible for the f|rstAgN andA, merge as the temperature is increased. This ef-
(n=1) subharmonic peak of thé,=2Ag/(en) series. The fect is also known from the McMillan proximity effect
proximity layer results in a splitting of the peaked structuremodel valid for small transparency of th¢S interface. As
and decrease the amplitude of the old petkg. 6. Re-  \yas shown in Ref. 16, the McMillan model can be derived
markable, that even for largeys parameters the fom the above equations for the case gf/ys<1. The
Vn=2As/(en) SGS series is still present. A two-gap density \icMmillan parameter is given by the relatidhy= 7T,/ vg
of states opens three additional MAR processes with newng has the physical meaning of a coupling strength between
SGS series: &y/n, (As—Ay)/n, and As+Ay)/n. Sche- N and S layers. Then, in the language of the McMillan
matically, these processes are shown in Figa,8d. model, a small gap4,(T)=Ty is induced inN for small
The first SGS peak in the differential conductivity for all 'y at zeroT , whereas with an increase @f the effective

four series is indicated by arrows on Figbdfor the case of 1 narameter increases &g, (T)~T'y(0)A(0)/A(T). This
vg=5. The higher-order harmonicdexcept for the

V,=2A\/(en) serieg have essentially smaller amplitudes,

which complicates their identification. The second- 3.0 - . r T
derivativesd?l (V)/dV? are more informative in this case 25 ]
where SGS manifests itself as a series of negative peaks. '
Note that the normal reflection adds a negative contribu- 2.0 7
tion to the current. In this case the SGS corresponds to the w 15
minima in the differential conductance. Only for the =
V,=(As—Ay\)/(en) MAR process a combination of the v 10 )
positive and negative contributions takes place. £ 05} .
As it was shown by KBT® the effect of the temperature C 0.0
on S/c/S constrictions withZ=0 is similar to the normal '
scattering at th& Sboundary aff =0 K. For finite tempera- 0.5¢
tures the generation of a SGS is associated with the negative 1.0 . . : .
contribution to the current from thermally-activated 00 05 10 15 20 25
quasiparticles? For SN'c/NS constrictions the situation dif- Z
fers in respect to the presence of thg=(Ag—A\)/(en)
SGS series even dt=0 K (Fig. 7). For nonzero tempera- i, 12. Excess of current normalized to the volume energy gap

tures two SGS series appeaVW,=2Ay/(en) and Ag as a function of the scattering parameter ZTat0 K for an
Vho=(AgtAy)/(en) (Fig. 10. Note the absence of the SNc/NS constriction fory,,=0.1 and differentyg=1 (curve 2
V,=2Ag/(en) SGS series. Thus an increase of temperaturéndyg =5 (3). The result for &/c/S constriction ¢, g=0) is also
and a normal reflection iISN¢/NS constrictions manifest presentedcurve 1.
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3.0 T T T v - current and to the deviation fror,(T) for the spatially
homogeneouss/c/S constriction, which is simply propor-
tional to the BCS-temperature dependence of the energy gap.
. For largeyg parameters.(T) does not depend on tempera-
ture in the broad temperature range upTto, where the
sharp drop ofl .(T) takes placgFig. 13. At temperatures

. close toT. the magnitude of the excess current becomes
essentially the same as for tl8c/S constriction. This is
another consequence of the enhancement of the proximity
effect with increasing temperatures, as was discussed above.

0.5F
b —2a IV. CONCLUSIONS
00 02 04 06 08 10

T/T In conclusion, the OTBK model is generalized for a spa-
¢ tially inhomogeneous case @Nc/NS ballistic constric-
tions with disorderedNS electrodes. The quasiparticle cur-
FIG. 13. Excess of current normalized to the zero-temperaturgent is calculated for arbitrary parameters Nf and S
volume energy gaps as a function of temperature for&lNc/NS  materials and their interface, if the conditions of the dirty
constriction for (1) Z=0 and (2) Z=2. Calculations were per- |imit are fulfilled. An energy gap imN is always present and
formed fory,=0.1 and differentyg=1 (curves b, yg=5 (¢), and  jts magnitude depends on the parameters of Shand N
v =10 (d). The result for aS/c/S constriction (ym=0) is als0  materials, as well as of the transparency of $einterface.
presentedcurves a It is shown that the conductance of ballis8&Vc/NS junc-
tions reflects a proximity induced energy gapNn and un-
r certain conditions also the bulk gap of the superconduc-
S. The subharmonic structure and the excess current are
analyzed in detail. It is shown that, in addition to the usual
structure atV,,=2Ag/(ne), resonances &,=(As—Ay)/
(en), V,=2Ay\/(en), andV,=(Ag+Ay\)/(en) are present
in SN¢/NS constrictions due to multiple Andreev reflection
processes. For the case of a reflectionless constriztiof

fact means an increase of the coupling strength and, as
consequence, an enhancement of the proximity effect at,
higher T.

An excess current at large voltag®s>A/e is another
effect associated with Andreev reflection os/& boundary.
The effect of the normal scatteriryon the excess current is
illustrated in Fig. 12. For smalt the | (V) curves exhibit a

positive excess current. With mcreasﬂgparameter the ex- hhe existence of a SGS at zero temperature \at

cess current changes_ the sign and becpmes negative. T=e(AS—AN)/(en) is demonstrated in contrast to the struc-
appearance of a proximity layer results in the decay of th‘?urelessl (V) curves ofS/c/S constrictions.

transition from positive to negativk,,. Thus, for a small
range of theZ parameter an increase of the positive excess
current occurs by introducing the proximity layer. This effect
is present onl(V) curves in Fig. @) for Z=1 and Stimulating discussions with D. Averin, A. Braginski, K.
vm=0.01. The effect depends strongly both on the coupling_ikharev, and M. Siegel are gratefully acknowledged. The
strength betwee® andN layers (y,, parametgrand on the work was supported in part by the International Science
SN-boundary transparencyyg parameter. Foundation under Grant No. MDP300, Russian Ministry of

The temperature dependencies of the excess current aBeientific and Technical Policy in the frame of the Scientific
shown in Fig. 13 forZ=0, when thel ., is positive, and for Program “Actual Problems of Condensed Matter Physics,”
Z=2, whenl, is negative. An increase of thg; parameter and BMFT Germany under Grant No. 13N6329 and No.
leads to the decrease of the absolute values of the exce$3N6418.
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