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Manifestation of coherent effects in the conductivity
of superconductorinsulator/normal-metal/insulator/superconductor junctions
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An experimental and theoretical study is presented of coherent effects in electron transport in the double-
barrier SINIS junctiongwhere S, |, and N denote a superconductor, insulator, and normal metal, respgctively
The appearance of a steplike subgap structure in the current-voltage characteristics of the
Nb/Al/AIO, /AI/AIO, /Al/Nb superconducting junctions at a voltaye-A,/e (whereAy, is the supercon-
ducting energy gap of Nhs interpreted as a manifestation of a nonequilibrium supercurrefinigg dc bias
voltage (Finite-Bias Josephson EffectThe origin of this effect lies in the energy-band structure associated
with a set of macroscopic quantum states characteristic of a SINIS junction. Specifically, the junction can have
an energy level near energyy,, which provides an additional channel for dc Josephson curreim at
~Ayp/€e. In addition, sharp features in the conductivity at a voltage near the gap-sum voltage were observed
in both SINIS and SINININIS junctions, implying correlated quasiparticle tunneling in multiple-barrier junc-
tions. Our theoretical model provides a good qualitative description of the quasiparticle conductivity, including
narrow peaks at finite voltage and a zero-voltage anomaly observed on some samples, and suggests an alter-
native explanation of a feature interpreted earlier as gap-difference feature associated with the tunneling
extraction of quasiparticles from the middle Al layer.
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[. INTRODUCTION coherenf The physical idea is based on the fact that the
Andreev reflection occurs on a relatively long-distance scale
In recent years, systems based on an SNS strugtliere £z pr ' (pr being the Fermi momentumThen, if thick-
S is a superconductor and N is a normal metalwhich the  nessdy of the middle N layer is comparable técs, the
phase-coherence is preseryauat least one dimensidover  electron-hole interference may form a standing wave with a
a distance comparable to the BCS coherence lengs,  wave vectorqs=pe— pn~ 1/égcs<pr. For dy~1/qs, the
have been extensively studi&d. In such a system, the standing wave corresponds to a resonant ABS energy level
phase-coherent transport occurs as a consequence of phagg-(in general, there is a set of standing waves with energies
correlated Andreeev reflectiodR) at both the SN and NS E ). Transmission via resonant levels is expected to be much
interfaces, but is strongly dependent on the device geometiiyore efficient than transitions via the continuum states. For
and its interaction with the environment. If the size of the Nthis reason, the critical Josephson current may be enhanced
layer is also comparable tcs, the AR and the electron- in systems with sharp ABS. Experimental evidence of such
hole interference inside the potential wélbrmed by the  coherent effects in Nb/Al/AIQ/AI/AIO /AlI/Nb junctions
minimum of the pairing potential between the S electrodeswas recently reportetf~2 Specifically, an anomalous Jo-
leads to localized Andreev bound-staBS) levels"® with  sephson critical currer{® (Ref. 10, a subgap structurg,
quantized energiel, , which may carry a supercurrent. Ex- and  an  unusual behavior under high-frequency
perimental and theoretical work on phase-coherent transpojiradiationt>'***have been observed. Coherent effects in the
in SNS systentsincludes studies of the energy dependencesINIS junctions were also considered theoretica#§267In
of the Andreev reflection processféand proposals to probe spite of this work, the excitation spectrum and phase-
the ABS levels directly:® However, to our knowledge, no coherent transport in such junctions deserves further study.
clear experimental evidences of a connection between theurthermore, SINIS junctions represent a rich physical sys-
supercurrent and the ABS has been obtained up to now. tem, and are potentially useful for many applications.
Introducing insulating barriers | at the interfaces between An interesting steplike structure was observed recently in
S and N substantially changes the properties of the systerthe vicinity of voltageAy,/e (hereAy, is the energy gap of
For most of the SINIS junctions studied, the transparency oNb) in the current-voltage characteristic€CVC) of
the insulating barriers is less than unity, by several orders dib/Al/AlO, /AI/AIO /Al/Nb junctions®™ A similar fea-
magnitude. In this case, the contribution to the conductivityture, and in the same voltage region, was later reported by
involving AR is usually regarded as small; it is assumed thaBartolomeet al*® It was suggested that the feature is related
the AR at the two interfaces are uncorrelated, so that in ordeio phase-coherent transport; specifically, it may be the first
to transfer a Cooper paifCP) through the composite INI direct observation of a resonant dc supercurrent carried by an
barrier, the probabilities of the two sequential AR are multi-ABS.™ An important test of the ABS origin of this feature is
plied, yielding a very low resultant probability. However, it provided by its response to a magnetic field In a recent
was argued by the present authors that this probability mayork, we reported on a measurement of the magnetic-field
be greatly enhanced if the AR at the two interfaces aralependence of the height of the stébl,), with improved
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resolution'® so that comparison with the theory could be
made more reliably. In the present work, we report a detailed
theoretical interpretation of the effect. The theory has also
been extended to treat the system self-consistently. A numeri-
cal calculation of thegl)(H) dependence is carried out based
on the theory, and a comparison with the experimental data is
made. ) .

The proposed theoretical interpretation is also capable of 00 05 10 15 20 25
describing other features we have observed in Nb/Al based Voltage (mV)
junctions with the SINIS and SINININIS structure: a zero-
bias anomaly and sharp peaks in the vicinity of voltage
2A\p/e. A zero-bias anomaly has been observed on a num-
ber of mesoscopic systenis;?? including sandwich-type
superconductor-semiconductor-superconductor junctions
with the SINIS structuré® and is commonly regarded as
evidence for phase-coherent transport.

According to our observations, a narrow pgakmetimes 4 16  1s
a few peaksin the conductivity at a voltage&/e is a char- Voltage (mV)
acteristic property of SINIS-type structures. To our knowl-
edge, there is no satisfactory explanation as to why the width FIG. 1. (& Typical current-voltage characteristi€VC) of a
of such a peakor peaks can be considerably less than the Nb/AI/AIO, /AI/AIO, /Al/Nb junction at 1.9 K atH=0, 6 G, 40
width of the BCS singularity<E/JE?—A? (whereE is the G 54 G, and 100 Gcurves 1-5, respectivelyUpper curves are
quasiparticle energy and is the superconducting energy shifted frc_)_m each_other along the current axis by 2 mA for clarity.
gap; this fact is naturally explained by our theory as a mani-(©) Magnified port!on of the CVC measuretd&G onshowing that
festation of coherent effects in the quasiparticle transport. i€ Stép has multiple branches.
addition, it follows from our theoretical model that a feature )
in the CVC regarded earlier as a manifestation of an extremBeighborhood olv=Ay,/e, which appears as the tempera-
quasiparticle$? can more naturally be explained as a resultmagnetic field; it disappears above~100 G [curve 5 in
of “doubling” of an energy level situated nea. Fig. 1(@], suggesting it is related to coherent transport. The

This paper is organized as follows. In Sec. Il we presenftep may have a fine structure, as can be seen from fg. 1
experimental results on the transport properties of our junctiere, a portion of the CVQsee curve 2 in Fig. @] is
tions. In Sec. IIl we formulate a theoretical model to explainsShown on a magnified scale for clarity. Obviously, the step
the phenomena observed. The calculations suggest that inh@s multiple branches with hysteretic switching between
SINIS junction with a very thirN layer (of order a coherence them as the current is changed. The direction of the current
length &gcs, in S) and moderate barrier transparengythe ~ development is shown by arrows.
ABS structure consists of a set of narrow and well resolved Some other properties of the step are as folloi@g:the
energy levels. The level af=A,,/e is responsible for a POSItion of the step moves towards Iovyer vqltages as the
supercurrent channel, a phenomenon which we call th&mperature |s'decrease{d) there is a portion with negative
Finite-Bias Josephson EffeEBJB. In Sec. IV, we discuss differential resistance at the fodf3) the height of the step,

: : . el o
our experimental data and theoretical results in more detail.s (measured from the background quasiparticle current to
Our conclusions are given in Sec. V. the top is modulated byH; and(4) the period of the modu-

lation, 5H, appears to be closely correlated with that for the
zero-voltage supercurrehﬁo) [see Fig. 2a)]. These proper-

Current (mA)

()

Il. EXPERIMENTAL RESULTS ties distinguish the step from the ordinary “gap steps” that
appear in the CVC of SI$S stacks due to inductive cou-
A. Novel subgap step pling between the junctiof% 2 (in our case, one might as-

The experiments were carried out on SINIS junctionssume that the superconducting energy gap is induced in the
where S and N are Nb and Al, respectively. Details on theniddle N layer, so that a SINIS junction might be regarded
fabrication of the structures can be found elsewh&fEhe as SIS and SIS junctions connected in serjesAn addi-
junctions were characterized by measuring the CVC betweetional and remarkable difference between the SINIS junc-
the Nb electrodes. tions and the stacks just mentioR&d’ is that even if the

Figure Xa) shows the CVC at 1.9 K of a transparency of the two barriers differs by a factor of two or
Nb/AI/AlO, /Al/AIO . /Al/Nb junction with a thicknessi,, SO, all the significant features in the CVC are closely con-
=7 nm, measured at different values of the magnetic field fined to voltagesiy,/e and 2A/e.
applied parallel to the structure laydigirves 1-5 are for 0, We now turn to the observed diffraction patterns, pre-
6, 40, 54, and 100 G, respectively; curves 1—4 are displacegented in Fig. @).%° It is important that the main periodicity
from curve 5 and from each other along the current axis by @f the I(Cl)(H) dependencésolid circleg coincides closely
mA for clarity). The CVC display a steplike feature in the with the periodicity of thd go)(H) dependencéopen circles
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FIG. 2. (@ Fraunhofer patterns(CO)(H) (open circles and FIG. 3. (a) Current-voltage characteristicCVC) of the same

|E:1)(H) (solid circles of the same Nb/Al/AIQ/AI/AIO /Al/Nb junction (Cf.. Fig. ) at 3 K (H=0). (b) Diffgrential conductivity
device as Fig. 1, measured at 1.9 K. Lines are guides for thelsye. corresponding to the above CVC, which displays the sharp feature
Shown also are the theoretical dependerit,‘:é):{H) (curves 1,2 at V=A\,/e, a precursor of the novel §upercurrent step,. and a
and19(H) (curve 3. Curve 2 does not take into account a term SNarP and narrow peak at=2Ay,/e (solid curve. Theoretical
proportional to sing/2+ ¢3), whereas curve 1 does. cﬁﬁerennal conductivities for the SINIS and an equivalent SIS junc-
tion are shown by the dashed curve and the dash-dotted curve,

This confirms that the phases of the superconduct8©Q respectively.

wave functions in the external S electrodes are strongly colhe temperature dependence of the zero-voltage Josephson
related while the junction is biased at the step. The situatioRyrrent (see, e.g., Refs. 10,29This observation suggests
would be different if inductive coupling were the only that the increase of the step height may be associated with
mechanism of interaction between the junctions, e.g., in thguperconducting correlations in the Al layer starting below
SIS’ IS stack®, in that case, if one of the junctions switched —2 K. Our theoretical calculation&discussed belowsup-
to the resistive state, periagH of the second junctiokstill  port such an interpretatiogsolid curve in Fig. 4 As in the
being in the SC stajavould be considerably longer, if'Ss  former case(cf. Fig. 3), the anomalous current step persists
much thinner than the London penetration déptthe case even at temperatures significantly higher than the estimated
relevant herg _ critical temperatur@®' of superconducting Afwhich should
Finally, we consider the temperature dependence of thgat exced 2 K for the rather “dirty” Al used in these par-
step. Although the step becomes clearly noticeable in thgqyjar samples™39) Therefore, the origin of the step is not

CVC at a temperature slightly above 2 K, its trace can bgmmediately related to intrinsic superconductivity of the
found at higher temperatures in the differential conductancemjggie Al layer.

Fig. 3(@ shows typical CVC of a sample described above
(cf. Fig. 1) at 3.0 K in the absence of an applied magnetic g «Quasiparticle” conductivity: sharp features near 2 A/e

field; at first sight, it seems to be smooth, but its derivative and zero-bias anomaly

[see Fig. &), solid curvg displays a sharp feature near a . , )
voltageV'= A, /e. At this temperature, the energy gap of the In ord.er to measure the conductivity of .SINIS junctions
Nb films used in our experiments should be 1.34 ra¢ over a wide range of voltages, we have fabricated some junc-
estimated from the Nb-based SIS junctipn$aking this 02
value, one can infer from the experimental cufselid curve

in Fig. 3(b)] that the first sharp feature is situated at a slightly

higher voltage of 1.35 mV, whereas the second sharp feature é
is situated at 2.37 mV, which is lower than expectédg/e. £01r
The physical basis of such a behavior is suggested in the g
discussion presented below. Here we note that the feature §

nearV=A./e [cf. Fig. 3b)] is observed far above the criti-
cal temperature of the Al middle layer, which is estimated to 0.0t s s s , s ]
be Té“zl.? K for the samples under consideration. L7 18 19 20 21 22 23

Step heighﬂ(l) was measured in detail as a function of Temmperature (K)

C

temperature for the samples described in Ref. 11. In Fig. 4, FIG. 4. Temperature dependence of the height of the magnetic-
the dependence is shown for two identical sampdetid and  field-sensitive step){*(H). Solid and open circles are for two
open circles There is a “tail” at higher temperatures and a identical samples. The solid curve shows the theoretical dependence
sharp rise in the vicinity of~2 K, which is reminiscent of calculated forT4'=1.9 K, Z=0.3, anddy= &gcs.

R A
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1.8K
0 1 2 3 4 5 3
Voltage (mV) FIG. 6. Conductivity of a Nb/AI/AIQ/AI/AIO,/AI/AIO,/
. . Al/AIO, /Al/Nb junction at various temperatures. Curves from top
FIG. 5. ConductIVIty of a Nb/Al/A'Q/AVAlOX/AVNb junc- to bottom are for: 8.5 K,8.0K, 7.0K, 6.0K, 5.0K, 40K, 3.0 K,
tion at various temperatures. Curves from top to bottom are for: 9.5,4 2 g k.
K,85K,75K,6.5K,55K,45K, 35K, 25K, and 1.8 K. Left
inset: zero-bias featureshown on a magnified scaleelated with
the onset of the Josephson current at 1.8 K. Upper curve il for
=0; lower curve is forH=200 G. Right inset: zero-bias feature
which is not related with the Josephson effedttown on a magni-
fied scale for the 5.5 K curyeFor clarity, curves in the main figure
are displaced from each other by 0.5 units upward along ltheévd
axis and by 0.3 mV from left to rightstarting from the 9.5 K curye
along the voltage axis.

using nominally the same oxidation dosage for barrier for-
mation as the SINIS junctions. The conductivity of the four-
barrier junctions at various temperatures is shown in Fig. 6.
The zero-bias feature related with Josephson tunneling ap-
pears at 2 K(see the bottom curve in Fig),6and a peak at
V=2A\p/e is present, but weaker than that in the double-
barrier junctions. The overall shape of the conductivity, with
a broad maximum and a peak\&=2A /e, is very similar
tions with lower transparency of the barriers as comparedo the conductivity of the double-barrier junctions. It should
with the junctions described above. This weakens the cohebe noted that in the case of a SINIS junction, the fact that the
ent effecty(so that, e.g., a step structure nday,/e does not  position of a steep portion of the CVC roughly corresponds
appear in the CVC, at least in the temperature range used 0 2A/e, may be naively explained as the result of in-series
the experiment but allows us to reduce undesirable heatingconnected SIN and NIS junctiorisvhere the resistance of
effects, and thereby, to measure the CVC up to voltages corthe N film can be neglect¢dSuch an oversimplified inter-
siderably larger than the gap-sum voltage. Figure 5 showpretation fails in case of a SINININIS junction, because, if
the differential conductivity of a Nb/AI/AIQ/AI/AIO,/  all the junctions were connected in series, two additigaal
Al/Nb junction with a thicknessl, =6 nm at different tem- compared to the SINIS structyreunnel barriers would con-
peratures in the range from 9.5 K to 1.8(Burves from top tribute significantly to the resistance of the system, so that
to bottom, respectively the gap-related features in the total CVC would be shifted to

The most pronounced feature of tlid(V)/dV depen- a considerably higher voltage tham\Z. However, this is
dence is a narrow peak near a voltagk,2/e, which ap- not the case in the experiment on our Nb/Al-based junctions:
pears on a broad maximum also present near the same voftbviously, a narrow peak associated withh g /e is posi-
age. These two maxima are characteristic of the SINISioned at roughly the same voltage for both the two-barrier
junctions we measured. As can be inferred from Fig. 5, theand four-barrier junctions. We suggest that this behavior is
width of the narrow peak is significantly less than the widthdue to a weak, but still present, correlated quasiparticle tun-
of a BCS gap-sum singularity as it appears in ordinary Siieling between thés electrodes in a multiple-barrier SINI-
tunnel junctions(where its width, in the absence of spatial NINIS junction. Indeed, such a correlated tunneling is ex-
variations and anisotropy of the energy gap, is determined bpected to be much stronger in the SINIS junctions.
temperature smearihgThis experimental fact suggests that The temperature dependence of the voltage at which the
coherent effects may play a role in the quasiparticle conducmain sharp peak appeai,, is shown in Fig. 7; it follows
tivity, producing sharp features. the temperature dependence of the BCS energy(sfapwvn

In some caseflike that shown in Fig. § the peak splits in Fig. 7 as a solid linereasonably well, indicating that the
in two at sufficiently low temperatures, so that an additionalpeak is indeed a gap-related feature. For better comparison,
sharp maximum appears ®t<2A\,/e, which was earlier both dependences are given in normalized unisis nor-
explained as the result of a nonequilibrium stimulation ofmalized to its value at 2 K, whereas the energy gap is nor-
superconductivity in the middle Al filri?3! The “gap-  malized to its value at 0 K.
difference” feature in the CVC of SINIS junctions was also At higher temperatures, thdl(V)/dV dependence of
discussed by one of #,where an alternative interpretation SINIS junctions displays a maximum at zero voltage, which
of its appearance was suggested. becomes less pronounced at lower temperatures. This zero-

Moreover, a similar narrow peak was also observed irbias peak is shown on magnified scale for the 5.5 K curve in
Nb/AI/AIO, /AlI/AIO , /AI/AIO  /AI/AIO, /AI/Nb junctions  the right-hand inset of Fig. 5. The feature is theoretically
with the SINININIS structure, which have been fabricatedinterpreted below as a consequence of elastic electron-
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T T T T T opposite sides of it; the spatial behaviorf@k) is then quite
sensitive to the magnitude @f. For high-transparency SN
and NS interfaceformed by external Nb electrodes and thin
adjacent Al layerswe assumar<1; the pair amplitude is
then almost continuous at the interface, and such aNsB)
sandwich can be regarded as a purely S electrode. On the
other hand, at the SIN and NIS interfaces, wherel, the

—
(=)
T

(norm. units)
o
(= e]
T

<
=06k value of f(x) drops significantly. When a bias voltage is
applied across the whole device, it drops almost entirely at
2 3 4 s 6 7 3 the SIN and NIS interface®ut not at the outermost SN and
Temperature (K) NS interfaces Therefore, in our case, a simpler SINIS ge-

) ometry can well represent the actual SNININS structure.
FIG. 7. Experimental temperature dependence of the voltage Our approach is based on the quasiclassical, nonstation-
corresponding to a narrow peak \dt=2A,,/e (dotg (cf. Fig. 6). ary, real-time Eilenberg%:? equationsEE):
Solid curve corresponds to the BCS temperature dependence of the”’ '

Nb energy gagnormalized by a maximum value at 0) Kor TQ"’
=9.0 K. Experimental data are normalized by the peak voltage at i(

J 9 -
2.0 K. NUE——+ —)9=A(X,t)|m f+TR(E,t) (1)

ax ot

impurity scattering which can modify the electron density ofand
states at zero energy. Such a zero-bias anomaly is weakly

dependent on the magnetic field. This behavior distinguishes p 9

it from the zero-voltage feature associated with the ordinary - i( nuep— t+2eiA,+ —)f

Josephson effect, which is not present in the same tempera- X at

ture range, and appears as a sharp peak only at 1(iBeK = 2R (x,t)g— 2E(x,H)f + PR(E,1) %)

lowest temperature available in the experimeiihe latter

feature is shown on a magnified scale in the left-hand inset afompleted by a similar equation féf. In Egs.(1) and(2),

Fig. 5. The upper curve is for zero magnetic field, and thag(E,x,n,t) and f(E,x, »,t) are normal and anomalous re-
lower curve is measured in a magnetic field of 200 G appliedarded Green functions, respectively, integrated over the ki-
parallel to the junction plane; one can see that the feature igetic electron energy,. Here, n=cosé (where ¢ is the

significantly suppressed by the field. angle between the electron momentprand thex-axis), A,
is the vector potentialassociated with an in-plane magnetic
IIl. THEORETICAL MODEL field, E=E-+i(g)/2r,, A=A+i(f)2r, (where (---)

In this section, we develop a theoretical model for SINISM€ans the averaging over angles of the electron momentum

junctions, which describes the basic coherent phenomena oB-2nd 7 is the elastic scattering tine

served in the experiment. Although the actual junction geom-

etry is, in reality, SNININS rather than SINI@ue to the Al A(X)

layers used to form the AlQbarriers, we will use the latter A(t)= TJ dEREf(E,x,1)][1-2ng(t)],  (3)
geometry to simplify the theoretical model. Such an approxi-

mation is based on the following reasoning. The net super(x) is the coupling constantg(t) is the nonequilibrium
current through the junction depends on the anomalouglectron distribution functioiwhich generally may also de-
Green functionf (x) integrated over,, (wherex is the coor-  pend on timet), andg®—f?=1. TR(E,t) and PR(E,t) ac-
dinate perpendicular to the junction plane, d@pds the elec-  count for the inelastic interaction of electrons with phonons.
tron kinetic energy. For relatively low-transparency barriers Such terms originate from the electron-phonon interaction
(i.e., for a<1, wherea is the barrier transparengythe su- introduced into Eqs(1) and(2) by using the electron-phonon
percurrent is expressed via prodtigt} , where functiond; retarded self enerdy SR(p,E,t). In this way, one may
and f} are calculated in the vicinity of the interface but on write, e.g., the electron-phonon interaction telﬁi]ph as

PE_ph(E,E—w)=f dte“‘"PeR_ph(E,t)=%N(O)xz(x)f de,f doi({Dy , (0)[g(0—E+wy)f(0—E)~f(o—E+ o)

Xg(0—E)]+D)_ (w)[gX(0—E+w)f(w—E)~ X(0—E+wy)g(w—E)]}é(w)~{DK_ ()
X[9(E)(E~wy)~ F(E)Q(E-w1)]+ D, (w)[gNE)F(E—w)~ X E)gE-w)}o(-w); (@)

024514-5



NEVIRKOVETS, SHAFRANJUK, AND KETTERSON PHYSICAL REVIEW B8, 024514 (2003

similar expressions can be written f6R(E,t). In Eq. (4), related to the time dependence of phase differes{(¢g only,

x(x) is the electron-phonon interaction constamhich de-  while the nonstationary changes|ili(x)| and in the electron
pends on coordinatex), index K denotes the Keldysh excitation spectrum may be neglected.

function®* and all functionsgy andf are diagonal in the en- When a finite-bias voltagé/#0 is applied across the
ergy variable. Equatiod) is in some ways very similar to junction, the ac Josephson effect takes place. The excitation
the electron-phonon collision integréiThe only difference  spectrum in the N layer &+ 0 can then be computed using
between the electron-phonon collison intedfraind interac-  nonstationary boundary conditiofrs.*’ Following Refs. 35—
tion termP§ . is that the former describes recombination of 37, the expression for the electric current for a low-
quasiparticles to the equilibrium state, while the latter defransparency interfacer(<1) is written in the form

scribes the influence of inelastic electron-phonon interactions

2
on the dynamics of andf. Strictly speaking, functiong and |=— EJ d_Ef d2pSpr (na(n)
f entering Eq(4) should be obtained as self-consistent solu- 8m) 2w z
tions of Egs.(1) and (2). But, for the sake of simplicity, we ARAK | AKAA  ARAK  AKAA
adopt here the interaction time approximation; then X(9192+ 9192~ 9291~ 9291)) (5

TR(E,t)=i(g)/2rg andPR(E,t)=i(f)/27¢, whererz isthe  where index 'R(A)” denotes retardedadvancedl matrix
energy-dependent inelastic electron-phonon scatteringtime 5 cen functionsgR®, index “K” denotes the matrix
determined using the above E@) in each particular elec- Keldysh Green functiog¥, 7, is the Pauli matrix, index

trode. “1(2)” corresponds to the rightleft) S electrode ;= cos6,

We will assume that the thickness of our Al-oxide layers .
, . . _1 . where 6 is the angle between the electron momenjuisnd
is dg=~1 nm. This value is comparable tg-~ in metals,

wherekg is the Fermi wave vector. Since the thickness of the!® X-axis, and the brackets in E(p) denote angular aver-
middle N layer satisfiesly=égcs>ke !, one getsdg<dy.  aging. Matrixg® is

In this case the interface jump of the quasiclassical Green

functions is computed from special boundary conditiths’ - R:( 9 f )

One can simplify Egs(1) and (2) by assuming that the ab- 9 —f* —g/’

soluie valudA(x)| am_j phasg(x,t) of the SC order .param_- whereg andf are the normal and anomalous retarded Green’s
eter A(x,t) vary on different scales. Specifically, since biasfynctions obtained as solutions of Eq4) and (2). In the

voltage V=(27/®)['d7¢(7) drops entirely on atomic time domain, the “product” in Eq(5) is written as
scaledB~k,§1, the spatial dependence gfx,t) inside each

SC layer may be neglected. Here the Josephson phase differ- , , )

ence is¢= y1— x»; henceforth, indices 1 and 2 refer to left (9192)0“’0:] dt'gy(t,t")g(t",1).

and right S electrodes, respectively. Therefore, with good . ) o )
precision, one may sei(x,t)z|Z(x)|eiX(t) in Eq. (2). In Index “zero” on the br'acketsllndlcates tha; all the functions
this approximation time derivative® dt in Egs. (1) and (2) should be evaluated in the immediate neighborhood of the

act only one(t), while the spatial derivatives result from the boundary, whose transparency is taken in zeroth order. in

. £ “oairi 'k “slow” il The influence of various external fieldmcluding an exter-
variation of “pairing potential”’A(x) over a “slow” spatial 5| magnetic field, bias voltage, ac field gtis taken into

scale~ £gcs>a. Sharp jumps o\ (x) and the appearance of account by the following gauge transformation:
a finite V(t) at the interfaces are taken into account by ap-

plying appropriate boundary conditiof’sWhen calculating g(t,t")—eX2g(t,t" e X2 f(t 1) — el X2f(t,t")elx' 2

the discontinuity in the Green functions at the interfaces, one

should take into account their dependence on fimether ~ Where x(t) = ¢o— (2€/4) ['dtV(t) andV is the bias voltage
words, the nondiagonal corrections of kirdg(E,E+(Q),  applied across the junction.

where () is the frequency of an ac fieldHowever, in our The above Eq(5) allows us to compute the electric cur-
case, wherew<<1, such nonstationary corrections may berent across an interface barrier when a finite-bias voltdge
neglected for the following reasons. First, we only consider# 0 is applied. In the limit of low transparencg<1, the
solutions which arehomogeneous in timeSuch solutions electric current is expressed in terms of the local electron
describe a system under the influence of an external dc fieldlensity of statesV(E,x) =Reg(E,x), the local Cooper pair

or an ac field of constant amplitude; in most cases, this doegdmplitude M(E,x)=Ref(E,x), and the electron distribu-
not lead to a nonstationary behavior of the systeithough  tion functionng. The electron transport across the junction
the electron distribution functiong may substantially devi- is determined by the interplay between the ordinary reflec-
ate from equilibrium. Therefore, fora<1, if the system is tion and the Andreev reflection. The earlier mentioned pro-
homogeneous in time, its properties, on a sufficiently longcesses also modify the electron spectrum in the adjacent
time scalet>1/Q), depend only ort—t’, but not ont+t’ electrodes. For single-barrier junctions with semi-infinite
(wheret andt’ denote two instants of timeAn exception is ~ electrodege.g., SIS or NI§ in most cases, one may use the
a nonlinear system which can behave chaotically; howevegquilibrium functions, i.e., M(E,x)=Ny(E)=E6(E—A)/

we do not consider this case here. Thus, for a low-JE*—AZ M(E,X)=Mo(E)=A;6(E—A;)/ JE>— A?
transparency SINIS junction, the nonstationary behavior iswhereA; is the proximity-modified magnitude of in the
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ith electrodg, andng=1—2nE=tanhE/2T) wherent. is the 3f
Fermi function. Although such a simplification works well
for single-barrier junctions, it is not generally applicable for
multibarrier geometries when the proximity interaction range
exceeds the distance between different interfaces. The elec-
tric current across a multibarrier junction is then determined
not only by the local interaction at the nearest interface, but
also by the interaction which stems from the more distant
interfaces. Such an extension is described in ternghabe-
correlated Andreev reflection, which makes aadditional
contributionto the total electric currentas compared with 0 1 2
conventional current determined by local processes at each Energy (&)

separate |nterfaQE . . FIG. 8. The local electron density of stat&DS), normalized to

In order to simulate the experimental data, we numeriyhe Epg in the normal state, calculated in the left S, N, and right S
cally solved Eqs(1) and(2) for the SINIS geometry and for  jayers(curves 1-3, respectivelysee text for details. Curve 4 cor-
arbitrary 7, (but with 7;>#/Eg). We first obtained an equi- responds to EDS deep in the bulk S according to the BCS theory.
librium solution as a trial input for the nonequilibrium case The left-hand inset shows the current-phase relationship for the
which is considered in the next stage. To find the equilibriumzero-bias(curve 1 and finite-bias(curve 2 steps. The right-hand
solution, we used the original EE in the Matsubarainset shows the maximum of the EDS at the ABS levé{m™) as
representati(ﬁf? [in Egs.(1) and(2), this corresponds to set- a function ofx (measured from the center of the N layer in the units
ting 9/9t=0, TR=0, PR=0, ng=tanhE/2T), andE+i5  Of &sco-
—iw,, wherew, are the Matsubara frequencjeatfter per-
forming the Riccati parametrizatiot, gwnz(l—aa+)/(1 values of the barrier transparency werg=2.5x10"° and

+aa’) and f, =2a/(1+aa’); the coupled unstable EE a2=6X 10™° (which corresponds toZ,=0.31 and Z,

are transformed to stable uncoupled Riccati equatfothst =0.28, respectively, wherg, =V /Ec; V; is the height of
are easily integrated numerically. One then finds the selflhe'th interface barrier These values correspond to our ex-

consistent solutidlf of Egs. (1) and (2), and computes the perimental conditions, determined by comparing with a
A . o~ . single Nb/AI/AIQ,/AlI/Nb junction fabricated in the same
actual equilibrium profile ofA(x). In the next stage, equi-

libri luti df | q tial inout to obtai deposition run, and using an empirical dependence of the
Ibrium solutiong,, andt,, 1S usedas a tral Inputto obtain - 5446nK50n critical current on the oxidation dbs&he nor-

functionsg(E,x, 7) and f(E,x, ) for a fixed dc voltageV"  malized thickness of the N layetly/£gcs, is 0.7 (here and
#0 that allows a determination of the local electron densitypelow, we express the spatial coordinates in unitsgf).
of states(EDS) ME,x), pair amplitudeM(E,x), and elec-  The left and right interface barriers are positioneckgt=
tric currentl. The solution of Eqs(1) and (2) is obtained _g4 andxg,=0.4, respectively; the effective width of the
now using the boundary conditiolis®” (which indeed are quantum potential well formed by the minimum of the su-
applicable for the two-barrier geomelnAt this stage func- perconducting order parametar(x) in the N electrode is
tions TR(E,t) andP(E, 1) are finite and, for a trial input, are g, =0.9. Typical results of the calculations foy=1 are
determined using Eq4) [and using a similar expression for shown in Fig. 8. Curve 1 is for the local EDS in the left S
TR(E,t)] by substituting the equilibrium functions |ayer at a distance/£scs=0.1 from the left barrier, curve 2
9'(E,x, 7) and fO)(E,x,») with appropriately shifted en- shows A{E) inside the N layer at/éges=0.1, curve 3
ergy arguments. The time dependence of the Green fu_nctiorg?nowsN(E) in the right S layer at a distanod égcs=0.1
and of TX(E,t) and PR(E,t) for our case, wherer<1, is  from the right barrier, and curve 4 corresponds to the EDS of
determined by phase factors of the kind: expg), where 3 pylk superconductor, which coincides with the classic BCS
e=2eVt andVis the bias voltage. In this way one obtains density of states. One can see that the local EDS has a sharp
a numerical solution of Eqg¢1) and(2) for a fixed finitt¢  maximum atE/A=1 (curves 1-3 this maximum is much
#0. Qualitatively, a variation of the electron incidence anglenarrower and higher compared to the BCS maximum in bulk
[described by parametey in Egs. (1) and(2)] changes the (curve 4. This maximum is related to the position of an ABS
spatial scale on which the local electron density of stateseve| that is not localized in the N layer alone, but which
varies. In general, it affects both positioBg and widthI',  spreads over the whole SINIS system. The latter is clear
of the ABS levels. In our problem, we have to average ovefrom the right-hand inset in Fig. 8, where we show the spa-
all possible values ofy; the net result of averaging is an tial dependence of the peak heighttat A the peak height
increase of the width of the ABS energy levas compared jumps at interfaces =+ dy /(2éscs), and persists deep into
with the case ofp=1). the S electrodes. Such a result agrees well with known ana-
The local EDS was computed for each layer of a SINIS|ytical results for a SNS junctioff, from which one may
junction. For the sake of simplicity we slegTEZOB?AS and infer that the Green function polesvhich correspond to
TN=0 [T3™) is the critical temperature of the bulk(®  ABS) coincide for adjacent S and N electrodes foe 1. In
material. Junction parameters used in the calculations forour SINIS junction,a<1; as a result, the poles of the Green
the “clean” N layer (assumingA 7;=7) are as follows. The function in S and N electrodes do not precisely coincide, but
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are still positioned quite close to each other. The results '
shown in Fig. 8 correspond to cage=0 (i.e., when no bias
voltage is applied across the SINIS junctiofihe calcula-
tions for finite o=2eVt#0 give a quite similar result with
one exception. Namely, far<<1, we find that the height of
a peak positioned aE/A=1 oscillates versusp, but the
peak position remains fixed. The shape of local EDS curves
does not change qualitatively whenvaries. For this reason,
the ABS singularities are also well pronounced in EDS
curves averaged over time. In the experiment, we measure
the dc differential tunneling conductivity, which is expressed 0
via time averages of local EDS in adjacent electrodes; there- Energy (A)
fore, the sharp ABS peaks are clearly observable in the ex-
perimental curvescf. Figs. 3b), 5, and §. FIG. 9. The local electron density of stat&DS) computed for
The dashed curve in Fig.(8) is the differential conduc- A7;=0.7 (a “dirty” case) in N (curve 1, and in the right S layer
tivity obtained as a result of numerical calculations within (curve 2, respectively. Other parameters are as follodg=1.2,
our theoretical model; the dash-dotted curve is the differenXs1= —0.45,xg,=0.45,7,=0.4,Z,=0.2. Curve 3 corresponds to
tial conductivity computed using the BCS electron density ofEDS deeply in the bulls according to the BCS theory.
states inSelectrodes for an equivalent SIS junction. Here the
value of the Nb energy gap is taken to hg,=1.3 meV. the CVC also follow from the analytical results. The conven-
Other parameters used in the calculations are as followsional dc supercurrent at=0 is expressed by E¢5), where
7A=6 (here, is the electron-impurity scattering timehe  the retardedadvanceiiGreen functiorgR® is obtained as a
thickness of the middle N layer idy=0.85 (measured in stationary equilibrium solution of Eqsl) and (2). The

units of the BCS coherence lengtfgcy); Z:=0.3; Z, Keldysh function for V=0 is obtained aségz(ég

=0.15 (where Z;=V; /B¢ with V; being the height ofth —gR)tanh€/2T). When the bias voltage is finité.e., V

interface barrier and. being the Fermi energy One can #0) such an equilibrium approximation does not work for
see that the theoretical cur¢gashed curvewell reproduces two reasons(i) the retardedadvancell anomalous Green

the main features observed At,/e and at 2\,/e. Note - ER(A) .
that the BCS electron density of states yields a much widefrunCtIonf (E.¢) becomes time dependent becaysde-

maximum at 2 /e (see the dash-dotted cuivhan that in pends ort and(ii) distribution functionng at finite-bias volt-
the experimentgkl) curvisolid curve in Fig. )] ages deviates from equilibrium. As we shall see below, the

As can be seen from Fig. 8, the ABS level is Superim_above—men'uoned nonstationary nonequilibrium effects may

posed on a regular BCS singularity@& A inside of the Nb lead to qualitatively phenomena not observed earlier, in the

electrodes. However, according to our calculations, the ABéj Ourtl)LeonsznzrrcSJ?rJgrt]l:ﬁs}.inistgifi;ﬂs?/lgiagsx C‘I?k?es?o% g](f Jo-
produces a much sharper peak in the local EDS as comparg phson sup e o :
to the regular BCS singularitgideally, it produces a diver- nonstationary and nonequilibrium effects in a double-barrier

gence: in reality, the divergence is smeared out by finite temj_unc’[ion can be illustrated using the following description.

perature and the presence of impuriti€duch a difference is For the sake of simplicity, let us consider the voltage-bias

. . . ime(i.e., the current is a function of a dc bias voltagg
clearly seen if one compares curvegshowing the EDS in- regime(i.e » !
side the bulk Nb without ABSwith curves 1 and 3 in the Then, the time dependence of anomalous retargechd-

ion i i i R(A)(E
main part of Fia. 8. vanced function is written S|_mply as f. (E, o)

Thg local EgDS computed for a “dirty” SINIS junction = A (E)exp2e Vs, Where a relat|onp:'2th is used. I.n
(A7;=0.7 in the N layeris shown in Fig. 9 for the N layer the energy rep_resentatlon, the nonstationary terms give an
and for the right S electrodeurves 1 and 2, respectively additional contribution to the dc current.

Other parameters used in the calculation are as follalys:

:12, Xg1= _045, XBZZO'45 (|n units of chs, 2120.4, 5|(1)ch dEf w1f§(E_eV,E+eV_ wl)fg*(E—wl,E)
Z,=0.2(in units of EF). Curve 3 shows the EDS deep inthe ~ °

bulk S electrode, which corresponds to the BCS theory. In

—

EDS (arb. units)

curves 1 and 2, in addition to a peakEa=A, one can see a :f dEf w1 fHE—eV)8(2eV—w,)f5* (E—w,,E),
peak atE=0, which apparently originates from interference
between the Andreev and electron-impurity elastic scattering. (6)

Similar zero-energy peaks are observed in the experimental
curves shown in Fig. Bthe main figure and the right inget where we used the expression for the nondiagonal in energy,
As purity parameted 7, decreases, the zero-energy peak beretarded(advanceglanomalous Green function:
comes more pronounced while the height of a peak posi-
tioned atE=A tends to decrease. fREE—eV,E+eV—w,)=fRE-eV)§(2eV—w,).
The electric current was calculated numerically using Eq.
(5). The computed CVC are in good agreement with experi-The anomalous Keldysh Green function entering &.is
mental datgsee, e.g., Figs. 1, 2, and. The main features of obtained from the solution of the quantum kinetic equaffbn:
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~ ~ O a d A n
VEV K+ TZEgK'i‘ —g"m+ L(t,t")=0, (7)
at whereg,(E) and f,(E) denote the diagonal it retarded
where normal and anomalous Green functions taken from the left
and right sides of the barrier. Equatidi) also gives the
E(t,t’)=if dtl{§R§K+iKéA_§RiK_§K§A} kingtic equation for the nonequilibrium distribution function
ng in the form:

and? is the self-energy which describes the electron inter- , A
action with phonons and impuriti€é.in the last equation, IQ)(E)+£S%(E)=0. 9
we assumed that, for the low-transparency SINIS junction _ o -
with dy=¢&gcs, gradient termveVgi~0, electromagnetic Where the tunneling source in thth electrode is?
field vector potentiaA(t)~0, andA(t)~0 inside N. At the 0
interfaces, the jump a§ is obtained from the nonstationary I$/(E)=v7[gi(E)(N_g_v—Ng_v+2Ng)
boundary condition&>~3" Alternatively, the nonstationary in- 2 A2

i +(N_g-y—Neg-v)(E°—A)].
fluence of adjacent S electrodes on N may be accounted for
by a nonstationarsy source term introduced into &g. Ac-
cording to Refs®> for a low-transparency tunneling inter-
face such a term can be written as

For the electron-phonon collision integrd},,(E) in theith
electrode, one uses an approximate expression:

Tr(tt) =uel 955 + 6564 - 3505 — 6564, TR ] o
wherev is the tunneling frequency. From E(j), one ob- ph e | BT
tains an expression for the anomalous Keldysh function:

K 1 The recombination time of quasiparticles;, is strongly
(2E-w)f(E,E~w)=2A9(E,E~w) +I(E,E-w) dependent on the energy. In particular, it rises sharpli at
12 _ =E,, and is much smaller at other energiés: E,,. There-
+L'4E,E—w), . L
. fore, the solution of Eq(9) corresponds to a nonequilibrium
wherei}? and £ *? stand for the nondiagonal matrix elements distribution functionng having a sharp peak at the ABS po-

of Iy and£. From the last equatiorif . _, in Nis evaluated ~Sition, E=E,. Then, atV=E,, the deviation ofng from

as equilibrium, n{®)?=tanhE/2T), is found to be
K |A%2(E,E—w) E
fE'E_w:m 5nE:nE—tanl‘(ﬁ =kv1Te(E—E,), (11
ZUT;_ where the dimensionless facterdepends on the particular
2E-wtilTg SINIS geometry and electrode purity. Substituting Etfl)
% EVfo(E—w)She+ f.(E into the nondiagonal anomalous functi@) and using it in
[9:(B)To(E~w)one+T4(E) term (6), one obtains a nonstationary contribution to the dc
Xgo(E—w)dng_,], (8) supercurrent of the kind:

5|g1>ocdef . fNE—eV)8(2eV—w,)f5* (E—wy,E)

7'En|En_eV| f.(E V) 7'En—eV|En_2eV|
—eV)+
(E;—eV)2+1/4rz 0" (E;—2eV)2+ 17k

= xkvif (En—2eV)gy(Ep) f5(En—ev)|, (12

where we assumeaiTTEn>1; we also neglected small non- pronounced as compared to the former one, beca@geev
resonant terms. When evaluatiatt? , one should take into <7 atV= E,/e; it might be observed in the CVC of high-

account the energy dependence of the recombination timgsansparency double-barrier junctiofreot considered heye
g, which is quite large at the narrow ABS levi},. The The above expressiofl2) describes a system where
sharp energy dependence gf produces the singularity in - ABS levels are present. As follows from our calculations, in
Eq.(12) ateV=E, (the width of which is~1/7¢ ). Thereis  the case of a realistic SINIS junction only one ABS level,
also a similar singularity aeV=E,/2, but it is much less E,, is present atE=A. The singularity in EQ.(12) at
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eV=E, is responsible for the appearance of a new source dfsolid circles in Fig. 2)] is seen. The complicated shape of
phase-coherent supercurrent in a SINIS junction, which ighe I{"(H) dependence is caused by a significant contribu-
observed in the CVC as a current stepVat A/e; we call  tion of thel P)sin(2p+ ¢,) term.
this phenomenon the Finite-Bias Josephson Effe&JBE. To examine how the onset of superconductivity in the
As follows from the derivation given above, the FBJE origi- middle N layer influences the FBJE, we compared the ex-
nates from a nonequilibrium population of the ABS level by Perimental temperature dependence of the step hésgiet
Cooper pairs when an external dc bias voltage is applied. Scatter plot in Fig. #with the theoretical temperature depen-
More accurate calculations of the supercurrent were cardence of the partial critical currerfic™(T) (solid curve in
ried out numerically. The total electric current indeed showd™ 9. 4. The theoretical dependence is calculated from Egs.
a two-step structure: the first step being an ordinary dc Jo5), where the Josephson parteid 1.fI- In the experimental
sephson current at=0 [associated with the “energy band” dependence, one sees a steep rise of the step height as the
E,(1—cosg), whereE, is the Josephson coupling enefgy tempgrature decreases in the range between 1.85 K and 1.95
and the second step being due to the FRa&Sociated with K, which may be associated with the superconducting tran-

e 1,30 .
theseconobandE’A(go)=f§d<p’lg1)(<p’), consistent with the sition of the N layet!*® The theoretical dependence was

experimental observatiofe. Fig. 1] calculated using an Al critical temperatuTé'zl.g K. The
Althouah the effect beco'mes' strén er if the temperature iéheory qualitatively reproduces the behavior observed in the
9 9 P experiment, in particular, a considerable decrease of the step

decrgased bET'I.OW the temperature of the intrinsic SlJperCO'Pfeight when the middle Al electrode becomes normal. For
ducting transition of the N layer, the anomalous current

. A . . . T>TA', the step is substantially depressed, but it does not
(ocflfg) persists even ipairing potential A(x) vanishes in g P y dep

' ; N vanish completelyfas can be seen from Fig(t8]. Such a
N, becausd(x) (related to thepair amplitude remains finite  popayior indicates that transport through ABS levels may
due to the proximity effect.

Our self-consistent solutioftaking into account “smear- exist in the double-barrier devices even f6r>T§'. Al
ing out” of A(x) at the interfaceksshows that the position of though the ABS band structure is changed when the middle

4 : - . electrode becomes superconducting, the underlying basic
the ABS Igvel IS ra'ther |nsen.smve tq change; O.f 'the Al In'physical processes responsible for electrical transport are
terlayer thickness; i.e., even if the thicknekg significantly

deviates fromég, the position of the ABS level will not very similar in both cases.

strongly deviate fromA/e. This result is in agreement with

the experiment. On the contrary, a non-self-consistent ap- IV. DISCUSSION

proach[using, e.g., solution of the Bogolyubov equations

and a sharp\(x) profile] results in a high sensitivity of the ~ We now discuss in more detail the physical origin of the
energy-level structure to the thickness of the Al interlayerABS structure and its relation to the experimentally mea-
Qualitatively, the favored position of the ABS level Bf sured conductivity of SINIS junctions. Physically, the ABS

=A arises from the well-known fact that for sma#l, the  Structure is caused by quasiparticle interference involving
probability of the AR is maximum d&=A,*3and is small at both ordinary and Andreev reflections in the potential well

other energies. (with width dy=égcg formed by theA(x) profile. ForE
Magnitudes (%) and1{Y for the steps in the critical super- =4, the walls of the potential well become smeared out,
current(observed in the experimental CVC ¥t=0 andy ~ Which, fordy<£scs, tends to keep the ABS level position at
~Ale, respectively depend onH in an oscillatory way, E=A. According to Figs. 8 ah 9 a sharp singularity &
since they are proportional to the nonequilibrium population™=4 is present in the local EDS of adjacent N and S elec-
of CP on the ABS level d~E, . The experimental(")(H) trodes. Also from Figs. 8 and 9 one may infer that the ABS
dependence is understood if one considers anharmonic terrﬁ%eg‘lzgz'lt';’;‘;t?; ﬁ iss“glti]gt;lr{tg/lflfg\/rveer;ttlr?al: i?ri]:(ilg)sldgu'r\lv;hf
in the expression forl™M(e): 1M(p)=1¥sin(e+ ABS _ _ ) .
+|(lb)Sin(2gDp+g02)+|(lc)Sin((p/éf-)(p3) V\E;fe)re a) ar(:g I(%)) in Fig. 10b) shows the experimental differential conductiv-
Cc Cc ! c Cc

are determined numerically &=A/e [see the left inset in ity of a SINIS junction whose CVC is given in Fig. (.

. The experimental data were numerically fittezirve 2 in
Fig. 8 where we compare the compulé(a(w) (curve ) and Fig. 10b)] using our theoretical model with the following

1N() (curve 2]; term 119 was introduced to better fit the parametersdy = 0.95, Xa = —0.35, xg,=0.35, Z,=0.35,
height of the maxima in the experimentef”(H) depen- Z,=0.15 andA7,=5.7. The lower peak aV=1.7Ay,/e
dence. Although this term does not follow from our current[see curve 2 in Fig. 108)] corresponds to a resonance at
theory, it may appear in the real system as a result of q/d:(Ei(l)+ EN)/e (here Ei(l) and EY are the ABS level
parametric nonlinear interaction of the Josephson junctionsitions inside the left S and the N electrodes, respeciively
with 't(SlagW” ac ﬁglg For our(l%(perlmental conditions wWe iy the quasiparticle tunneling between the ABS singularities
find 1577=1.7, 177=1.15, 177=0.6, ¢1=7/2, ¢,= iy adjacent electrodes. The upper peak in curve 2 is related to
—ml2, ¢3=—m/2. The theoreticall("(H) dependences g similar resonance aty= (Exy T ER2)/e (WhereER , is

with and without thel ' term are shown in Fig. (®) as  the ABS level position in the right electrodeCurve 3 in the
curves 1 and 2, respectively, along with the conventionakig. 10b) corresponds to the differential conductivity of an
19(H) dependencecurve 3. Reasonable agreement be- equivalent SIS junctiofi.e., having the same superconduct-
tween theoretical curve 2 with the experimenﬁé?(H) data ing parameters for the S electrodes as the SINIS junction
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FIG. 10. (a) Typical CVC of a Nb/A/AIQ,/AI/AIO, /Nb junc- FIG. 11. Schematic diagram showin@) nonstationary Joseph-

tion atT=1.8 K which displays a “gap-difference” featutenarked 5o effect at/+0 in a SIS junction anéb) tunneling processes that
by the arrow. (b) Experimental differential conductivity of the .gntributes to the phase-coherent dc curren{ &, in an SINIS
same junction(curve 1 in comparison with theoretical curve 2 junction.

obtained for a SINIS junction withdy=0.95, Xxg;=—0.35, Xg»
=0.35,27,=0.35,Z,=0.15, andA7;=5.7. Curve 3 is the differ-
ential conductivity computed using the BCS density of stateS in
electrodes.

by Blamire et al?* Since this is an important physical issue

(pertinent to the question of whether or not an attractive pair-
ing potential does exist in a superconductor far abdye

hag, as obtained using the BCS density of states; one can S@éj_d!tional, more direct, experiments are needed to clarify the
that the BCS peak af=2A /e is much broader than the ©°rigin of the feature. . o
ABS-related peaks. The presence of _sharp ABS levels in the excitation spec-
We suggest that the calculated splitting in the ABS leveltrum of SINIS junctions affects not only the quasiparticle
positionsocE,S\—E,'f has been observed in the experimentalcompone”t of electric cu.r(ent, but the Josephson component
differential conductivity curves at sufficiently low tempera- ©f current as well. Specifically, the ABS level B&=A re-
tures [seedl/dV curves at 1.8 and 2.5 K in Fig. 5, and Sults in the second Josephson current steép=atl /e (see
experimental curve 1 in Fig. 16)]. Indeed, theoretical curve F19- 1, which is unique to SINIS junctions. For ordinary
2 in Fig. 1b) qualitatively reproduces all the main features !UmPed SIS junctions, there is only the one current step at
observed in experimental curve 1 quite well. Here, the ex =0; for V#0, the dc Josephson current turns into an os-
perimental curve is shown for 1.8 K, whereas the theoreticafillating current with frequencyw,=2eV/#.. As a result,
curve is calculated for 2.2 K. In the calculations, the tem-8ach Cooper paifCP) loses energye; —E,=2eV on tra-
perature was regarded as a fitting parameter to account for§sing the junction, and recombines into the superfluid con-
possible self-heating of the sample during the experiment bfénsate. The energy lodiw,, is radiated into the environ-
the bias current at a voltage close to the gap-sum voltagénent [see Fig. 1()] as an electromagnetic wave. The
Using T=1.8 K in the calculations gives a slightly larger "écombination process occurs in a time of ordgg=4/A,
splitting of the two peaks. and on a short distance of orderégcs (Where é_scs
Note that the additional feature that often appears in the=2ve/7A is the BCS coherence lengttHowever, a differ-
CVC of SINIS junctions above tHE, of Al [as marked by an €Nt scenario may take place in SINIS junctions where an
arrow in Fig. 1@a)], at a voltage, slightly lower than the ABS level may appear at a finite energy=E,#0. Width
gap-sum voltage was earlier explained as a gap-differenckn Of the ABS peak aE/A=1 is related with raterags of
feature resulting from an extreme superconducting gap erfluasiparticle recombination from the upper localized ABS
hancement in the Al due to nonequilibrium tunnel extractionlevel into the superfluid condensate and is very sniafl,
of quasiparticleg* On the basis of empirical observations on =7(Tags+ Tee) =0.1A. Consequently, the lifetime of qua-
similar junctions, one of the authors of this paper suggestediparticles in this ABS level is quite long, about/il/@&. The
that the feature may be due to a peak in the density of staterresponding recombination lengthigs=10gcs is also
of Al, but without an accompanying energy g¥dt appears  quite large. Therefore, each of the two phase-correlated elec-
now that the theory presented here indeed yields the structuteons injected from the left electrode reside in the ABS level
observed in the experiment, and that the underlying physicdbr a relatively long time/see Fig. 1lb)], which may con-
mechanism does not require a superconducting energy gap siderably exceed their escape timg= (dy+ ds)/vg (where
the Al. Therefore, the present theory offers an alternative talg is the thickness of each of the S layefi®m the junction
the “classical” explanation of the origin of the feature given region to the external circuit; i.e., a fraction of Cooper pairs
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leave the junction region before recombination occurs whilgsee Fig. 1is not described by the above theory, because the
still carrying a finite energy=2eV per each pair. The energy theory implies the voltage-biased regirvehich is easier to
of the injected pairs in the junction region is preserved, retreat theoretically, whereas the current-biased regime
sulting in adc nonequilibrium supercurrentarried by in-  (which is easier to realize in practicevas used in the ex-
jected pairs at dinite-bias voltage ¥=E,/e (FBJB, along  periment. The negative slope may be related with the con-
with the ordinary ac supercurrept (co)siant. Such a situa- version of a fraction of the dissipative current to a nondissi-
tion may take place in an SINIS junction under conditionpative current when the bias energy reaches the upper ABS
Trec™ Tesc (AN €ven more favorable condition.s 7osc, Can  level. In an ideal case, all the current becomes nondissipa-
be achieved by appropriately adjusting the junction geomtive, and the junction can eventually “switch” back to a
etry). zero-voltage state. In practice, the system may oscillate be-
The ABS peaks in the electron density of states becoméwveen the two statecorresponding to/=0 andV=A/e).
suppressed when the concentration of nonmagnetic impuriFhis oscillatory behavior was likely observed by one of the
ties increases. The reason for this behavior is that electroauthors in an earlier experimetit.
momentump becomes a “bad” quantum number in the  From Fig. 1, one can see that the step\at, may have
“dirty” case, in contrast to the “clean” case, whepemay be  multiple branches. This fine structure is also not described by
regarded as a “good” quantum number. If the electron-the theory presented here. We suggest that the observed be-
impurity collisions become frequelfite., A7;<<1), p is not  havior may also be attributed to the complex electrodynamic
conserved, and the conditions for forming sharp ABS energpf the system in the current-bias regime.
levels become unfavorable. We now discuss alternative physical mechanisms for the
A qualitative picture of the nonequilibrium supercurrent experimentally observed steplike featurevat Ay,/e.
associated with the subgap stég. Fig. 1) can be under- (i) Suppose that intrinsic superconductivity of the middle
stood if one takes into account some peculiar features of thAl is present, so that the two supercurrent steps, on¢ at
SINIS structure, which we mentioned in Sec. I[I) the =0 and the second at=A.,/e, appear as a result of se-
probability of Andreev reflection at the NS interface has aquential switching to the resistive state of the two Josephson
peak atV=A/e and, at this point, may be comparable with junctions. However, as we discussed in the preceding sec-
that of the pure NS interface artil) due to the presence of tion, this possibility should be ruled out; although a transi-
the second barrier, a coherent transport process is possibletain to the superconducting state of the N layer enhances the
this voltage, if the Fermi level of one S layer is aligned with effect, a trace of the step persists up to temperatures consid-
the ABS level of the counterpart NIS structure\&&=A/e  erably higher than any reasonafilgfor the N layer.
(which can be achieved using “asymmetric” SINIS struc- (i) One could ask if the step is caused by a Fiske reso-
tures, where the two barriers have slightly different transparnance; however, the voltage position of the step does not
encies. This, according to our theoretical model, will lead to depend on the junction size. Moreover, although the dc com-
stabilization of the phase difference between the S electrodgmonent of the ac Josephson current may be highvat
and, as a consequence, to stabilization of the ABS level po=A,,/e due to increased dissipation of the ac field at this
sition (the phases between the S electrodes normally becomaltage, it cannot exceed thgvalue for lumped junction®
uncorrelated when the current through the junction exceedg/e estimate that the Josephson penetration depfhr our
the ordinary Josephson critical valuc@); the energy of the most transparent junctions with=1 kA/cn? (considered
ABS levels, if present, will then oscillate with tiff®. As a  herg is =10u (assuming that the London penetration depth
result, a stationary Josephson current may flow at this pai; =100 nm for Nb filmg. This means that the current is
ticular voltage. Similar stabilization of the phase differencenearly homogeneously distributed over the area of the junc-
may occur in an ordinary SIS junction, for example, as ation, so that the dc component of the ac Josephson current
result of a spatial resonance, leading to the well-known Fiskeannot exceed thg, value. However, as can be seen from
steps in the CVC? the steady-state solution of the equation Figs. 1@ and 2a), the height of the second step may exceed
for the phase is then applicatfeln the latter case, however, the I, value considerablythe difference is especially pro-
no additional source of the Josephson current appears at tmeunced in the case described in Ref). Mherefore, a step
step. of this height may only occur if an additional source of the
As can be noticed from the theoretical pldshed curve Josephson current turns on at a voltage Ay,/e.
in Fig. 3(b)], the first sharp feature in the conductivity is  (iii) Another phenomenon that should be discussed is the
positioned slightly above tha&,, value, because the peak in well-known multiple Andreev reflectiotMAR).*’~>!Such a
the nonequilibrium distribution function of phase-correlatedphenomenon was observed in numerous experiments involv-
electrons injected into an ABS level from the adjacent Sing various types of superconducting weak links. In the ex-
electrode happens at energy slightly higher tidap. The  perimental CVC, it is observed as a series of steplike features
second feature, which originates from a quasiparticle tunnelat bias voltage¥=2A/ne, wheren is an integef®*°A nec-
ing between two sharp ABS singularitiegane of them local-  essary condition for the structure to appear is the presence of
ized in the N electrode, while the other in the adjacent Satomic-size direct-conductivity channels, or a very high
electrode is situated slightly below the £y, value, because (close to unity transparency of the interfacéa case of SNS
the ABS level energy in Al is lower than, [in agreement  junctiong.*®°%5'We have already pointed out above that the
with experimental data shown by solid curve in Figh)3. MAR-associated structure has a very low amplitude for our
The negative slope of the CVC at the onset of the ste@xperimental system due to the low transpareney,
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~10"° of the SN interfacegunlike the systems cited abgve that interference effects involving coherent Andreev reflec-
Note that, not only the step ®t=A,/e (cf. Fig. 1), but also  tions play an important role in the transport properties. In
the gap structure at=2A,/e [cf. Figs. 1b), 5, and 10b)] particular, a novel current step at a finite dc voltage
differ in shape from the MAR features reported earlier. Spe=A/e is interpreted as a phase-coherent dc supercurrent in-
cifically, the peak av=2A,/e in the conductivity is very jected into a narrow ABS energy level. A specific shape of
narrow and sharp, unlike the ordinary MAR featuté4® the Fraunhofer pattern for this effect, which we call the
The experimentally observed features in the conductivity ofFinite-Bias Josephson EffeGEBJBE), is explained by an un-
our SINIS junctions are also different from those recentlyconventional current-phase relationship for the anomalous
described theoretically by Brinkman and GoluB8wThese  supercurrent component responsible for the observed current
authors considered coherent effects in SINIS junctions, bustep. The theory also qualitatively describes the temperature
they concentrated on the ordinary Josephson current at zettependence of the supercurrent related with the FBJE, taking
voltage, along with the single-electron excitation current. Asinto account the onset of intrinsic superconductivity in the
a result, they obtained a MAR structure which must be verymiddle N layer.
weak for low-transparency barriers at the interfaces. The narrow peak in the differential conductivity &t
Although we considered the simplest case where only one=2A/e is explained as a consequence of a sudden increase
pronounced ABS energy level appearEat=A in a double of the quasiparticle current associated with injection into a
barrier SINIS junction, the real situation may be more com-resonant ABS level situated near enetryy The energy po-
plicated. Additional levels at finite energy may appéand  sition of the level is slightly different for the N and S layers;
contribute to the features in the CY@ the thickness of the as a result, the differential conductivity of a SINIS junction
middle N electrode becomes significantly larger than the comay have two features near voltage-2A/e. Such a prop-
herence length. This case, however, is harder to realize in therty suggests an alternative explanation of a feature inter-

experiment for technical reasons. preted earlier as gap-difference feature associated with a su-
perconducting energy gap in the middle Al layer arising from
V. CONCLUSIONS tunneling-extraction of quasiparticles from this layer.

) . ) ) Our results also suggest that the distinction between the
Experimental data obtained on the SINIS junctidbssed  gyperconducting and quasiparticle branches of the current-

on Nb and A) strongly indicate the presence of substantialygtage characteristic, as it was made for the ordinary SIS

contribution from coherent processes to the transport charaggnnel junctions, is rather conditional in case of the SINIS
teristics. This contribution is seen both in the “superconduct—junctions_

ing” branch of the current-voltage characteristinost strik-
ing evidence is a current step at a finite dc voltage
=A/e), as well as in the “quasiparticle” brancfa narrow,
as compared with the width of the BCS singularity, peak at The authors would like to thank A. A. Golubov and A.
V=2A/e, which may split into two peaks at lower tempera- Shelankov for useful discussions. This work was supported
ture. The proposed theoretical model provides a qualitativddy the Office of Naval Research under Grant No. N0O0014-
explanation of these and other experimental féasteh as a 00-1-0025 and by the National Science Foundation under
zero-bias anomaly observed on some samplseig the idea Grant No. EIA-0218652.
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