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Charge transport through superconductor/Anderson-insulator interfaces
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We report on a study of charge transport through superconductor-insulator-superconductor and normal
metal—insulator—superconductor structuf®ES and NIS junctions, respectivelwhere the insulator is of the
Anderson type. Devices which are characterized by a junction resistance larger th&hstibw behavior
which is typical of Giaever tunnel junctions. In structures having smaller resistance, several peculiar features
are observed. In the SIS junctions, Josephson coupling is detected over distances much larger then the typical
insulator localization length. In addition, a series of resistance peaks appears at voltagés,ofiBereA is
the superconducting gap. The NIS Junctions exhibit a large resistance dip at subgap bias. We discuss possible
interpretations of these findings and suggest that they may result from the presence of high transmission
channels through the barrier regid®0163-18207)05314-9

I. INTRODUCTION electron in the normal region, impinging on the interface,
with energy smaller than the superconducting gap, is re-
Sufficiently strong static disorder may bring about a tran-flected as a hole. The missing charge, B transferred into
sition to an insulating phase in an otherwise metallicthe superconductor as a Cooper pair. Similarly, a hole re-
systemt These disorder-induced insulators, commonly re-flects from the boundary as an electron, while removing a
ferred to as “Anderson insulators,” differ from conventional Pair from the condensate. The Andreev mechanism leads to a
“band insulators” by the fact that they have a finite, and conductancepeakat subgap voltages because of the double
usua”y |arge' density of electronic Sta‘N@) at the Fermi Charge associated with each reflection. The transition from
level E-. The electronic wave functions associated withquasiparticle tunneling to Andreev conductivity as a function
these states are confined to a regionalled the localization ©f the junction transparencyl has been discussed by
length. In a large specimen, charge transport involves hopBlonder, Tinkham, and Klapwifk® (BTK). They showed
ping between localized states. Hopping is essentially ahat a typical resistance versus voltage curve oSeN con-
phonon-assisted tunneling, and thus, an inelastic process. dct exhibits a double-dip structure ét=*A due to the in-
scales smaller than the characteristic hopping lengtiow-  terplay between the two tunneling mechanisms. The precise
ever, quantum coherence is maintaiﬁé‘t'ow temperature, details of this curve, in particular, the ratio between the zero
r may become much |arger th@rﬁnd the scale over which bias resistance and the normal-state resistance, depend on the
quantum coherence is maintained may include many inteccharacter of the interfacial barrier.
mediate localized sites. This, in turn, leads to intriguing Recently, we presented current-voltage measurements
quantum-interference effects such as conductance fluctu®erformed on structures of these tygést was shown that
tions in small samplésand magnetoresistance in large the presence of localized states considerably enhances super-
specimeng.A common ingredient in these phenomena is theconductive coupling through the junction. In the current pa-
virtual scattering from the intermediate sites that coherentlyp€’ wWe present a wide set of experimental data consistent
contribute to the hopping probability. with this notion. Most of the observed features can be ex-
In this paper we describe another type of experiment irplained by models for Andreev reflections by assuming the
which the physics of transport through many localized site€Xistence of high transmission through discrete channels. We
may play a significant role: tunneling between two metalsexplore two scenarios that may account for the appearance of
separated by a thin Anderson insulator. such channels. One, propos_ed by severgl re_searcher;, is
An effective Way to conduct such an experiment is bypased on “te(:.hnolog|ca.| QCCIde!’ltS" resul“ng N meta”IC.
using tunnel junctions between a normal metal and a supefllaments shorting out the insulating layer. The other possi-
conductor N-S) or between two superconductor$-6). bility is that the channels are composed of localized sites that
These structures are highly sensitive to the nature of the bafXist within the Anderson insulator. The merits and short-
rier separating the two electrodes. If it has a low transmissio§0Mings of both propositions are discussed and we suggest
coefficient, the electric properties of the junction are gov-€xperiments to further test them.
erned by quasiparticle tunneling. The resulting conductance
shows a dip at small bias, since single particle tunneling is Il. EXPERIMENT
forbidden within the superconducting energy gafor 2A in
the S-S casg. On the other hand, when the effective barrier
is decreased so that the transmission coefficient of the junc- The normal metal—insulator—superconduc{biS) and
tion approaches unity, the low bias conductance is dominatesuperconductor-insulator-superconductstS) tunnel junc-
by Andreev reflection$. These are processes that converttion were fabricated by evaporating a thin insulating film
normal current to supercurrent in the following way: An between two metallic layers. Glass slides held at room tem-

Sample preparation

0163-1829/97/58.4)/904711)/$10.00 55 9047 © 1997 The American Physical Society



9048 AVIAD FRYDMAN AND ZVI OVADYAHU 55

perature were used as substrates for all the samples reportt
here. The insulating barriers weeelnO, a-Ge, ora-SiO,,
deposited bye-gun evaporation. The Siand Ge films were
deposited at base pressure oD © mbar at the rate of
0.5-1 A/sec, and the InQayers were evaporated at a rate of
0.3 A/sec and in an environment of 5%70 % mbar dry
oxygen. Under these conditioRsinO, has a density of
statesN(0)=10*? erg * cm™2. It is an Anderson insulator, as

will be shown below.

The metallic films were deposited from a Knudsen evapo-
rating source. In the NIS structures the normal electrode wa:
Au. For the superconducting electrodes, we used Phb. The
latter was chosen because it is the best studied and chara
terized superconductor and all its relevant parameters ar
known. Moreover, the critical temperatuf€-~7.2 K) and
energy gagA~1.4 mV) of thin lead layers are fairly insen-
sitive to these particular preparation conditions. The disad-
vantage is that when depositing pure Pb films, grains of leac
tend to coalesce and thus result in a rough surface. It is
difficult to cover such a film with a thin insulating layer
without pinholes. Codepositing the Pb with 15—-20 % by vol-
ume of Ag significantly improves the smoothness of the
films (Fig. 1), without affecting the critical temperature or
the energy gap of the layer.

Figure 2 shows atomic-force-microscope surface traces o

the three insulators used in this study. Note the similarity of 200k

the surface roughness of all three. All layers appear to be

continuous, with no abrupt structural modulatiofthat 300+ .
might be expected near pinholeand have thickness varia-  &t(A)

tions of the order of-5-15 A. High-resolution TEM studies ZOOM
confirmed the absence of pinholes in these materials on th 100t ;
scale of 5 A. On the other hand, the electric properties of 0 2000 2000 5000 8000
these insulators are quite different. $ifS a band insulator X (A)

with small density of states at the Fermi enet@yyhile

ajGe anda-InO?( are Anderson insulators having higH0). . FIG. 1. TEM micrographs of a pure Pb layer having average

Figure 3 describes the low-temperature transport Pr_Opert'etﬁickness of 1200 Atop) and of a 600 A-thick film of Pb codepos-

of an InQ layer, prepared under the same conditions asq with Ag (middle). Bottom: Atomic force microscope line scan

those used in our junctions. The data follow the variablespowing the surface roughnessof the Pb-Ag layer. It is seen that

range-hopping conductivity relations: the pure Pb film is composed of disconnected grains while the
Pb-Ag layer is continuous and has thickness roughness of-060/

TO 1/4 1
ln(R)«<— N NI (1a)
T ksN(0)& Measurement setup

in the Ohmic regimé! and The junqtions were mounted in an immgrsion-type
pumped-helium cryostat. The temperature, ranging from 4.1

14 K to 1.2 K, was monitored by a calibrated Ge thermometer. All
_ E _ BTo electric measurements were carried out by standard four-

F eé terminal methods. Current-voltage-{/) characteristics were

obtained using a Keithley 220 current source and an HP

for high fields'? HereF is the applied electric field andis ~ 34401A multimeter. An ac technique was used to measure
a system-dependent constafhtThe slopes of the curves the dynamic resistance versus voltage curves. This was
yield the valuesé~15 A for the localization radius and implemented by driving an ac modulated current ramp
r=¢(Ty/T)Y*~150 A and the hopping length &=4 K. through the sample while measuring the ac voltage drop,
Similar values have been reported iGe (Ref. 14 [é&~10  proportional todV/dl, with a PAR 124A lock-in amplifier.
A andr(4 K)=100 A]. The cryostat was placed in the air gap of three electro-

All junctions described here are 18000 um?. The bar- magnetic Helmholz coils with orthogonal axes. The coils in
rier thicknessd was varied in the range 70—1000 A. In some any one axis could provide magnetic fields of up to 30 Oe,
cases, batches of four samples with differétut otherwise  while a feedback circuit, controlling the remaining two di-
identical, were prepared by employing a moving shutter. Theections, could reduce ambient magnetic fields to less than
entire process of the three-layer deposition could be carriedi0? Oe. |-V curves in the presence of higher magnetic
out in a single pump-down cycle by using a rotatable maskfields were measured in a superconducting magnet.
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FIG. 2. Atomic-force microscop€AFM) surface traces of 200 1021 A ig?i
A-thick films of amorphous InQ, Ge, and Si@. The thickness < v . E
fluctuation scalest of the three amorphous insulators is an order of £
magnitude smaller than that of the Pb film in Fig. 1. - 10"
lll. RESULTS : v
v
We have examined over 30 junctions of each tyNéS 100} '~%\:||,A v 1
and SIS. Two parameters were used to characterize a - L L - B o
sample. 1.0 1.2 14 16 1.8 2.0
(1) The barrier thickness measured by a quartz-crystal V14 (y-1i4y

monitor during the deposition process.
(2) The normal junction resistand®, measured at volt-

ages larger than the superconducting ge., for V>2A). & ik and 5 um long. Bottom: Current versus voltagé-Y)
The precise value of the voltage used to deterniiqes not ., yes, of the same sample, measured at different temperatures.

critical. With the exception of very high resistance samplesygte that for high enough electric fields all-¥) curves coincide
the junction resistance changed by no more than 1% in thgnq follow a Ing) Vv~ 4law (dotted line.

range 3—10 mV(An alternative way to determinigy would
be to measure the resistancevat0 while destroying super-

conductivity by increasing the temperature to ab®weor by

applying a high enough magnetic field. However, this intro-poarc?zgizf; ttr:]:mret:utlrt]: other. Therefore we use Byandd

duces an experimental problem. The resistance of the Ptb It mav be arqued tﬁed in Eq. (2) should be of the order

strip, in its normal state, is often comparable to the resistancgf the oncalizati%n len tﬁ(‘)‘ Fror?{ the fit presented in Fig. 4

of the junction itself. Thus, if superconductivity is switched d- i gtn. P 9. =
o is found to be approximately 160 A for InGand 120 A

%ﬁ;nltts)ls impossible to achieve true four probe MeASUre%,r a-Ge. Note that these values are an order of magnitude

Assuming that in a strongly localized medium the resis—Iarger thang ext_racted from the .hopp[nglqonducuwty In the
; ; T large samplegFig. 3. The possible significance of this pe-
tance increases exponentially with' D ! .
culiarity will be discussed below.
d In the following subsections, the results obtained for SIS
RNOC exp{ :| .

FIG. 3. Top: Resistance versus temperature of ar fii@, 100

some of the observed phenomena are more sensitive to one

T (2 and NIS structures are considered separately. We present the
0 raw data of thd -V characteristics of each junction type, in

Figure 4 shows that the experimental results can indeed bearticular, how they are affected by temperature and mag-
made to fit such an expression. While the averBgeandd ~ netic fields and how these effects dependdoand onRy, .
are thus not independent, it is observed Raimay fluctuate  The discussion of these results will be presented in Sec. IV.
considerably, even for similarly prepared junctions with the
samed. Such resistance fluctuations do not necessarily arise
from geometrical nonuniformity in the filmg¢such as the
formation of hillocks in the Pb electrodefRather, they may Figure 5 is a typical -V characteristic of a SIS sample.
be inherent to charge transport through thin Anderson insu©ne notes that up to a critical currelg, no voltage drops
lators, as will be argued in the next section. It turns out thaficross the junction. ThieV curve and the critical current, in

SIS junctions
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FIG. 4. Normal-state resistance, measured/at3.2 mV, as a
function of the barrier thicknesd for a number of Ag-PB/Pb FIG. 6. Critical current magnitude of the sample presented in

samples wheré is either InQ or a-Ge. T=4.11 K. The dashed iy 5 a5 a function of magnetic field applied parallel to the junction
lines are fits to an exponential law of the type of E8). Similar layer orientation.

results were obtained for many series of both NIS and SIS samples.

) . ) Figure 7 summarizes the dependence @fon junction
particular, depend very mildly on temperature in the rang&,arameters. These data are compared with the

16 ; i fi
4.1-1.2 K.” On the other hand, applying a magnetic field Ampegaokar-Baratoff theory for Josephson tunneling junc-
has a considerable influence on the supercurrent. Figure §ns:

illustrates that thé-(H) dependence is typical of Josephson

tunneling. Note that the interference pattern is somewhat dis- T A A
torted and thé - minima do not quite reach zero. Neverthe- |c=§ R tanl‘(m).
less, the “Fraunhofer-like” nature of the plot implies that N B
the supercurrent flows rather homogeneously through thg is seen that . is always smaller than the Ambegaokar-
barrier. From the oscillation period of this pattdtgpically ~ Baratoff prediction. The degree of this deviation is not uni-
~3 Og one can evaluate the magnetic field penetratiorform and depends od. In samples for whicld>400 A, the
depthA in the superconducting electrodes. Assuming that thgupercurrents are much closer to the theory than in thinner

current is evenly spread within the junction argds found  junctions wherd ¢ is smaller by up to two orders of magni-
to be about 500 A, i.e., near the expected value ifPb.  tude than predicted.

()

100 . i . : i ————r e —
10} ® e d>400A |
A d<400 A
50 | i
< of c J £
E o TF
50 i
01}
B A —"
V(mV) Ry (©2)
FIG. 5. Current versus voltage curve of a Ag-Pb/Afi@d junc- FIG. 7. Critical current as a function of the normal-state resis-

tion. The barrier thickness is 150 A and the sample resistance aaince for Ag-Pb/InQ/Pb junctions. The data are labeled by the
V=3.2 mV is 0.05Q). Data were taken af=4.11 K. The arrow barrier thickness range to illustrate that for lardel. deviates
marks the critical current. Note the additional structure<aV6<2A much less from the Ambegaokar-Baratoff predicti@olid line)
(see text than for samples with thin barriers.
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FIG. 8. The voltage quasiperiod of the current steps in several
junctions (obtained from the Fourier transform of theV charac-
teristic9 as a function ofd. The dashed lines are theoretical fits to
Eq. (4). The fit was performed usind=d,,— 3d 1m’2, whered,, is
the nominal thickness an@ is a parameter. This is based on the
(random barrier-thickness fluctuationgwhich we directly con-
firmed by AFM studies ofsd versusd), and on the plausible as- V (mV)
sumption that the tunneling process occurs mostly through the thin-
ner sections. Theamevalue for 8 was used fora-Ge and InQ.

< tyninal CE " : FIG. 9. Dynamic resistance versus voltage curves of Ag-Pb/a-
Inset: t | “Fiske struct f Ag-Pb/IngPb le h X ; 4
dnjiSOyglc_lz_a:Ar |151 eKs ructure foraAg sampie having Ge/Pb(top) and Ag-Pba-InO,/Pb (bottom) junctions, both having

barrier thickness of 100 AT=4.11 K. The arrows mark the posi-

_ L . . i f the first fewV=2A/n peaks. Note the similarity between
When a finite bias is forced upon the junction, an addl_t:’?;?woo plstslrs P vy

tional structure is observed. This includes two types of be-

havior. ForV<0.5 mV, a series of current steps appears, agajley amplitude of the &/n structure, weakens monotoni-
demqnst_rated in Fig. 8 Figure 8 alsq depicts this strgctur%a"y with n. This peak decay is the more pronounced the
quasiperiod as a function of The details of the modulation thicker the insulating layer. Figure 10 compares the dynamic
are sample specific and, in a particular junction, they can beggjstanced\V/d| versus voltage curves of samples with dif-
affected by thermally cycling the sample or by briefly Sub-ferentd. The dependence @, on n for a series of samples
jecting it to a voltage larger than a few mV or a magneticis shown in Fig. 11. Thesepﬁgures illustrate that the sub-
field larger than several Oe. For a given barrier thiCk”essharmonic-gap structure may be detectable up+d or 8 in
however, the voltage quasiperiod is fixed. Such structure&,u,j“.nmes with smald. Whend=400 A, only the first-order
customarily referred to as “Fiske steps,® is a common peaks can be clearly identified, and whitn500 A the 2/n
feature of well-defined tunneling junctions and it is attrib“tedstructure, including the £ dips, is completely suppressed.
to coupling between the ac Josephson current and the geRppte, however, that the supercurrent, accompanied by the
metric resonance modes of the junction cavity. In this casegigyke step structure, is apparent for barriers as thick as
current steps are expected to occur at voltagés of 600 A. This is an unusual length for superconductive cou-

pling. In conventional junctions, the Josephson effect at 1 K
_ 1 cm ax 4 is suppressed by thermal fluctuations for barriers thicker than
T 2ew en, @ about 15 A2
The two unique features of the SIS samples, namely, the
wherew is the junction widthg the dielectric constant, and 2A/n series and the “long-range” Josephson effect, were
c the speed of light. This simple dependencedis often  reproduced consistently in many junctions w#HnO, and
used to estimate the junction barrier thickness. Inserting theiith a-Ge barriers. Unlike the Fiske steps, the sub-harmonic-
insulating film thickness corrected for the surface roughnesgap structure is not sample specific and it maintains its shape
(cf. Fig. 8 in Eq. (4) yields good agreement with the mea- in a large number of experimental runs or thermal cycles.
sured quasiperiod. However, in numerous trials with SiCbarriers, we were
At still higher voltages, a different modulation establishesunable to measure dissipationless currents in junctions with
itself. As is illustrated in Fig. 9, a series of resistance peaks>70 A. For thinner barriers, a supercurrent did appear, but
are observed at voltages oA, wheren is an integer. The there thel-V characteristic exhibited a pronounced hyster-
magnitude of this modulationh, (defined as the peak to esis(see Fig. 12 We suspect that this is due to metallic

V(n)
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FIG. 11. Peak amplitudé, normalized to then=2 peak, as a
function ofn for a series of Ag-Pb/In@Pb samples having differ-
ent barrier thickness. The decayAf is fitted to an exponential law
in accordance with Eq5).

comes more pronounced as temperature is reduced below 4
K. This temperature dependence is steeper, the thicker the
barrier. For low enough temperatures, howeWwy tends to
saturate. AtT=1.2 K, the relative resistance droBy/Ry,
reaches a typical value of 1.5-3.5. We emphasize that the
characteristic voltage over which the anomaly exists is not
modified by temperature, nor does it dependRan

Figure 16 shows the response of the junction to a mag-
netic field. ForH<H., H hardly affects thd-V character-
istics. But as soon as superconductivity is destroyed at
H=H_, the resistance dip disappears. This establishes the
role of superconductivity in giving rise to the resistance dip.

In junctions for which the resistance exceeds 1D khe
|-V curves are qualitatively different. As exemplified by Fig.
17, the dynamic resistance exhibitpeakcentered av=0.

FIG. 10. Dynamic resistance versus voltage curves of two seThe resistance changes, extending over a regime of voltages

ries, [(@) and (b) in the left and right columns, respectivélpf
Ag-Pb/InQ/Pb samples with different barrier thicknesses. The

much larger scale than. Apparently, the conductance of

2A/n series is obvious in the thin junctions, but in the thicker ones

it is washed out, and the Fiske steps at small voltages become the
dominant structure. Data were taken at 4.11 K.

shorts. It is significant that subharmonic-gap structure was

neverobserved in our SiQjunctions.

Figures 13 and 14 describe the dynamic resistance as a
function of voltage for a few representative NIS samples.
Though some details differ from sample to sample, the fol-
lowing features were observed for all junctions with
0.5<R\<<2000(). A resistance dip appears at a small bias,
extending up toV~A. WhenV>A, the junction resistance
saturates at its normal-state value. The zero-bias anomaly -10
(ZBA) depends ord. Thin junctions exhibit a very sharp
resistance drop extending over a region that widens when

NIS junctions

increases, as illustrated by Fig. 14.

Figure 15 depicts the dependenceRyf the resistance at

10 T - T T T T

5| i
< of |
E

5| 4

20 0 0 10 20
V (mV)

FIG. 12. Current versus voltage characteristic of a

V=0, on temperature for a series of samples. The ZBA beAg-Pb/SiQ/Pb junction.T=4.11 K andd=70 A.



55 CHARGE TRANSPORT THROUG . .. 9053

8 ;
. Au/a-Ge/Pb
8
6
4
7 4
w , ®
= 2 (a) (b) "(é) 2
c 6 c
o 12 >
Au/InO,/Pb '
_e 15 0
e, 5
:’ 10 -
O 3 -B
—
% 20Q ° S
. (a) (b) ©
0 20 . :
090 0.8 Au/InO,/Pb
06
0.75
2kQ (@) o4 (b)
0.60 1 1) { 2 2 - 0 1 0_2 1 0 1 2
V (mV) V (mV)

FIG. 13. Dynamic resistance versus voltage curves for several

representative Au/l/Pb samples measured-at.2 K. The left col- . ; o . .
umn (a) shows the results of junctions which cover the normal- haw_ng dlffe_re_nld s T=1.2 K. Note that the Sa".‘p'e with the thicker
barrier exhibits well-developed dynamic resistance peak¥-at

state-resistance range in which the ZBA is detected. The right col-", . . . o .
) o . *A, implying that the low-to-normal-resistance transition occurs in

umn [marked(b)] presents samples having additional structure iN_ 1 abruot manner

the |-V curve. Note that the Ge sample exhibits a richer modula- up '

tion. This is common to ala-Ge junctions.

FIG. 14. dV/dI-V curve of a series of Au/In@Pb samples

in the past>?*and its origin has been a controversial issue
such a junctions is highly non-Ohmic, because of inelastin{)or several decades. The'following three explanations have
hopping*?*3 This field-assisted hopping process overshad>€€" suggesteda) Absorption of an ac Josephson photon by
ows all other contributions to the conductivity. However, a tunneling quasiparticfé. This mechanism leads to current

there seems to be an additional resistance associated with the
I-S interface. This can be seen from the magnetic-field de- : : S —

pendence of the zero-bias conductivity in Fig. 17. Switching
off superconductivity in the electrode causes a resistdree 10r a8 1!‘ i
crease The abrupt decrease Roccurs aH ¢ and correlates ___..---""'" A,
with the onset of resistance in the lead layer. This behavior CT R R Lo A,
(Fig. 16 is typical of S-to-N quasiparticle tunneling, and is . 08p e .
just the opposite of the situation in the low-resistance Er “.°
samples. ¥ o°
é 0.6 ot i
IV. DISCUSSION = /. a
o A 4 d=200A
We begin this section by considering the experiments on 04l A . d=a00A
the SIS junctions. Most of the features observed in these ah d=600 A
structures are characteristic of superconductive tunneling. In I Aasanaast
particular, we note the dissipationless current, its nontrivial 0.% Ce e e
dependence on magnetic field, and the “Fiske step” series, 0 15 20 25 30 35 40
observable in Figs. 5, 6, and 8. In these regards, our samples T(K)

exhibit behavior typical of conventional Josephson junctions.

The peculiar feature, which is not commonly encountered FIG. 15. Zero-bias resistan¢eormalized to its value a&=4.11
in Josephson devices, is the occurrence of\ke2A/n re-  K) versus temperature for three Au/lg®b junctions with different
sistance peaks. This feature has been occasionally observed.
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FIG. 16. Top: Dynamic resistance versus voltage for a H (Oe)

Au/InO,/Pb sample in the presencéa6 T magnetic field applied
pgrallel to_the substrate to quench supercon(_juctivity. The barr_ier FIG. 17. Top: dynamic resistance versus voltage of an,InO
thickness IS 7,00 A. Bqttom: The zero-bias resistance as a ,ﬂ,mcuogample having a barrier thickness of 1000 A and normal resistance
of ma_g_netlc_ field of this sample. The arrow marks the pogmon Ofof 115 KQ. The inset shows thé-V curve extracted from these
the critical field of the Pb layer used as the superconducting elecdata. The observed Ih(aV~ ¥4 dependence is consistent with the
trode. theoretical predictiofEq. 1(b)]. Bottom: Zero-bias magneto resis-
tance of the sample. The arrow marks the positiorHgf. Data

steps alV=2A/n, wheren is an odd integer. Another series, were taken af=1.2 K.
with evenn, is related to photon absorption by the elec-
trodes. (b) Simultaneous tunneling af quasiparticles be- required to traveh times across the barrier region without
tween the two superconductdfs. (c) Multiple Andreev re-  |oss of energy or phase memory. Wher d is larger than
flections of a quasiparticle on each of the junctionthe phase coherence lendth in the barrier, only a fraction
interfaces® of quasiparticles, proportional to expnxd/L,] will par-

The Josephson self-coupling mechanism describe@d)in ticipate in the multiple Andreev process.
is inconsistent with our findings. It involves different pro-  Combining these two factors, the dependence of the peak
cesses, with different amplitudes for odd and everiThe  magnitude om should be
experimental results do not reflect such a distinction between
even and oda’s. We cannot rule out the second mechanism. In(Ap)~n[In(T)—d/L,]. (5)
In the following, we attempt to explain the experimental re-
sults on the basis of the Andreev reflection mechanismirom plots of the type shown in Fig. 11, we have evaluated
mainly because this model is detailed enough to let us dedl, and T of many junctions’ L, is found to be about 300
with all aspects of our data. and 150 A for InQ and Ge junctions, respectively. These

Our first observation is that theA?h structure is detect- values are comparable to the hopping lengths in our barrier
able for high values ofl (sometimes up to=8). This seems materials. We note that quantum coherent processes exist in
to imply that we are detecting a large number of coherenAnderson insulators, and the cutoff length associated with
processes of particle transitions through the junction whictthem scales with the hopping lendtfThis estimate, there-
suggests a large junction transmittafficé This is also true if ~ fore, seems plausible. On the other hand, a typical value for
(b) is responsible for the effedtA quantitative estimate of T extracted from these analyses is 0.5-0.6. This is rather
can be obtained by analyzing thA/A peak amplitude versus high in comparison with common tunnel junctions in which
n, as illustrated in Fig. 11. If the effects we observe are duehe value for the transmission coefficient is estim&teal be
to multiple Andreev reflections, each resistance peak repre~10°.
sents the respective contribution of thigh reflection, and it A related observation can be made by studying the experi-
is presumably controlled by two factors(1) The junction ments on the NIS junctions. In these devices the main finding
may have a smaller-than-unity transmission coefficient, i.e.is the resistance drop at low voltage, another feature uncom-
some reflections are “normal’” rather than “Andreev.”(2) mon in tunnel devices. In junctions with low transmission
Inelastic events within the barrier destroy phase coherencéarriers, a resistancpeak is expected at subgap voltages
In order to obtain the “orden” peak, the quasiparticle is because of the energy gap for quasiparticle tunneling. The
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occurrence of a ZBA, such as that observed in our samplesyhich showed that resonant passage of electrons in a disor-
is often interprete® as evidence for prominent Andreev pro- dered system may occur via special configurations of elec-
cesses. According to BTRR\/R, increases withl, and it  tronic states. The presence of localized sites in a junction
should reach a factor of approximately 2 for an ideal inter-barrier can give rise to high transmission paths through the
face. In all our samples exhibiting ZBMR,/R, is close to  insulator. These trajectories are perfect quantum channels in
this ideal value, again suggesting tffamust be large. the Se2r15e that each of t_her_n has a go_nductance of the order of
Next, we point out that, microscopically, charge transportGo=€"/h (and a transmission coefficient close to unifyhe

in our devices occurs through some specific channels; thBrésence of these resonances can be expected to govern the
thicker the barrier, the more apparent the discreteness of th%ecmﬁ behavior in both the normal and superconducting
process. The main indication for that comes from studyin tgtes?‘. Thus, the Junction transport s ess_entlal_ly detgr-
the interference pattern og(H) (Fig. 6). Note that even for ined b.y the probability of fmdm_g such trajec_torles. Th'.s
thin barriers, this feature is nonideal, in the sense that a finitgrobablllty depends on some particular properties of the In-
critical current is detected at the minima of the patterndAs Sulator such as the density of states and the localization

is increased, the peak-to-valley magnitude is further supl-ength’ as well as on the junction geometry. Following this

pressed, and fod>400 A, the interference part ins(H) is Iin_e_ of reasoning, Aslamasov and Fist?ﬁfcalculateq _the
essentially washed out. We recall that the quality of the in-C”t'C&lI Josephson cu_rrent through a medium C(_)ntffunmg LK
terferencelike dependencelefonH is usually related to the resonances and obtained the following expression:
homogeneity of the Josephson current across the junction. 3
The above finding therefore implies that transport occurs | ocex _d dom IN[N(0)&~] ®
rather uniformly through our thin barriers, but@sncreases, ¢ do|” © In[#T/2(V—Eg)] |’
the current flow becomes progressively less homogeneous.
In conjunction with the previous conclusion of larflethis  where V is the band energy. Inserting the relevant
behavior is consistent with the following.(a) Current flows parameters [Er~0.2 eV, V=3 V, ¢&10 A, N(0)~10*2
in the junction through distinct regions in space where theerg *cm™3] of our InQ, samples into Eq(6), one finds
tunneling probability is unusually high.(b) The number of dy=8-10¢. A characteristic scale in our junctions should
these favorable channels decreases as the barrier thicknesstien be approximately 120-150 A. Note that this is compa-
increased, so the current is less uniform wideis large. rable to the scale discussed in Sec. Ill. The exponential in-

The possibility that tunnel junctions are “filamentary” in crease in resistance as a functiondotould well be associ-
nature was considered in the past by several wotkevho ~ ated with the probability of finding resonant paths in our
observed high-order &n resistance peaks in SIS devices. junctions. The data in Fig. 4 are, therefore, consistent with
They encountered such junctions sporadically. Their resisthe premise that LK resonances play an important role in the
tance was relatively low and did not scale with the junctiontransport properties of thin Anderson insulators. Further-
area. These observations led to the speculation that the junoiore, the scatter observedRy, versusd (Fig. 4) is a natural
tions were threaded by metallic filaments through pinholes irconsequence of the statistical picture underlying this
the barrier. approach

At first sight, this could be a plausible way to interpret our  The basic assumption of the above hypotheses is that it is
data. The existence of high-transmissionetallic) trajecto- necessary to have at least one high transmission path in order
ries might qualitatively explain the origin of theAth series  to account for the peculiar transport phenomena. Hence, the
in the SIS junctions as well as the ZBA in the NIS samplestotal junction conductance has to be at lee®th. On the
In particular, it is reasonable that the frequency of findingbasis of this logic, the characteristic “crossover” resistance
accidental metallic shorts would decreasedais increased. of 10 k{2 may not be coincidental. WheRy<h/e*~10 kQ,
However, closer consideration of the data reveals several dithe conductance is much larger th&y, and many reso-
ficulties with this interpretation. For example, the inherentnances could exist in the junction. At the other linftt>10
assumption ofccidentaloccurrences of technical defects, is k{2, the conductance is smaller th@g, and there cannot be
difficult to reconcile with thesystematicway the features a single high transmission channel that would give rise to
arise ina-Ge and in InQ barriers, but not in Si@barriers, resonant tunneling. A qualitative change in behavidRgof
although all aspects of microstructure and morphology othis magnitude is a logical corollary of this physical model.
these films are essentially indistinguishalilef. Sec. ). As noted in the previous section, both the supercurrent
Thus there is no clue why SiOshould be less prone to magnitude and the ZBA width could be affected, in some
accidental structural faults than the other two materi@sr-  special manner, by the barrier thickness. We propose a pos-
ther difficulties with the notion of “metallic filaments” will  sible interpretation for such behavior in which these two re-
be discussed beloyv. sults may be related. This is based on a recent work by

While the structural properties of all these types of barri-Aleiner, Clarke, and Glazma#t,who studied resonant tun-
ers appear to be similar, there is a vast difference betweeneling between a superconductor and a normal metal via a
the electrical properties of SiQ versus those of the other single-site or double-site chain. These authors showed that a
two. SiQ, is a bandinsulator, and the others are Andersonresistance drop is caused by Andreev conductivity at small
insulators with a large density of states at the Fermi energybias. As the voltage is increased, the energy difference be-
On this basis, an alternative approach has been profosedween the electron and the Andreev hole becomes larger than
suggesting that the origin of “filaments” is an inherent prop- the resonance width and the level cannot provide a large
erty of Anderson-type insulatofe Such a conjecture follows tunneling coefficient for the pair. This leads to a rise of re-
from ideas first raised by Lifshitz and Kirpichenkd/(LK), sistance at voltages larger thEnAs the barrier thickness is
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increased, the dominant mechanism of transport shifts fronaritical current of the bulk superconductor, otherwise there
resonant tunneling via a single state to trajectories which areould be noA to affect the Andreev process. This yields the
composed of two localized sites. As a result, the resonanc@llowing restriction on the resistivity of the filament:

width I" is broadened and the voltage dependence of the re-

sistance becomes weaker. These calculations were not ex- p>AlLJc, @

tended beyond the case of a two-state resonance, but it seefRereJ.. is the superconducting critical current density. In-
plausible that the trend will persist in chains involving threeserting our junction parameterd~10° mV, Jc.~10°
and more localized sites. If so, the widening of the ZBA A/cm? andL~100 A, one obtaing>1 Q cm which is much
feature observed whed increases may be attributed to the larger than a metallic resistivity that can be reconciled with
fact that thicker barriers are characterized by chains whiclany of the materials involved.
contain a larger number of states. Similar considerations may We argue, then, that neither microscopic metallic wires
be used to elucidate the results of the critical current amplinor macroscopic metallic bridges can explain our results. Ac-
tudes. In the thin barriers, the resonance is very narrow, anaially, it is hard to see how such an explanation could be
hence, the supercurrent can be expected to be sensitive poovided by the presence of any kind ofreetallic filament.
small fluctuations. Any small perturbation may push the sysThe transmission coefficient of a8-N contact is usually
tem out of resonance and decrease the critical current. Thidound to be quite smafl.This is, presumably, because of a
junctions, in which the resonances are broader, are more immismatch between the Fermi wave functions of the two ma-
mune to “noise,” and I in them is closer to the terials. A large ZBA is never detected in interfaces between
Ambegaokar-Baratoff values. This may qualitatively accountsuperconductors and clean metals. Also, we are not aware of
for the findings in Fig. 7. any SNS junction(N being a normal metalin which
Quantitatively, however, there are several problems withrsubharmonic-gap structure has been reported, nor of an ex-
the LK picture. In several NIS junctions, the ZBA magnitude periment where a metallic wire was deliberately placed be-
R\/Ry was found to be as large as 3&f. Fig. 14. If the  tween two superconductors and the entire set of results de-
resistance drop is due to Andreev processes, it is hard tecribed above was observed. In experiments performed on
understand such an effect. BTK predict a maximum factor of‘Dayem bridges,’®” a subgap modulation was observed
2 for a perfect-transmission interface. According to Aleiner,only for temperatures close 38 At T<T¢, however, a
Clarke, and Glazmaif, a more realistic estimation for clear 2/n structure never appeared in these systems.
R\/Rg, in a strongly localized system, should be even less In addition, we note that if the resistance measured in the
than this value(about 0.27. It should be noted, however, NIS samples was due to the existence of metallic contacts,
that for determining the ZBA amplitude, we compare thethe temperature dependence of the ZBA ought to have
resistance at zero bias with that\at-A. Thus, the normal looked quite different than that actually observed. Rather
resistance in our case is measured at high bias. This mahan a resistance that saturates at roughly fialfFig. 15,
differ from the theoreticaRy, which is defined as the zero- one expects a systematic decreasBRphs the temperature is
bias resistance in the junction normal state. lowered due to proximity effects. There is no reason why
Another issue that has to be addressed is the fact that ol\/R, cannot then reach values orders of magnitude bigger
barrier is a strongly localized medium. Such a system lackghan 2. The total absence of such a signature in as extensive
electric screening, and the validity of resonant tunneling proa study as ours, including dozens of different samples,
cesses of more than one particle through such a mediumveighs heavily against this picture.
should be examined more carefully. Several groups have ad- In summary, we have presented measurements on tunnel
dressed this question. Glazman and MatV@argued that junctions of SIS and NIS types, where | is an Anderson
resonant tunneling of a Cooper pair is possitded even insulating material. Thé-V curves of these structures were
enhanced by repulsive electron interactipnsrovided the interpreted using Andreev reflections models. The analysis
width of the resonancE is comparable to the pairing energy of the data indicate that these structures are threaded by re-
eA. Golub® has extended this idea and showed that undegions that present much higher transmittivity than the aver-
these conditions, Andreev mechanism in a hopping system @ge. We have considered two possible lines of explanations
feasible. for such behavior; both assume the presence of special tra-
The difficulties that arise in applying the LK model to the jectories embedded in the insulating barrier. The first line is
problem are not resolved by resorting to the “metallic fila- based on accidental penetration of metallic regions through
ment picture.” If the filaments are strictly one dimensional, pinholes in the insulator. The other invokes the existence of
they, too, lack electric screening. A coherent passage of tweesonant channels through chains composed of localized
electrons through a point contact is no more understandablkgates. It was argued that the notion of metallic filaments
than the same process via a localized state. An attempt t@lthough it cannot be ruled guloes not provide a satisfac-
explain the observations using a macroscopic metallic filatory explanation for our observations. Besides being incon-
ment (which is bound to occur occasionally if the filaments sistent with several empirical findings, such a model is hard
are due to random accidental fallisan be shown to be to reconcile with the systematics of the results in Anderson
internally inconsistent with the&n data. To see that, con- insulator junctions as opposed to their absence in band-
sider a metallic wire of length, cross sectiom\, and resis- insulating devices. The existence of resonant trajectories
tivity p connecting the two superconductors. In order to ob-naturally accounts for such a distinction, and it seems to be
serve the A/n structure, a voltage of the order Afhas to be  in agreement with most of the observations. There is still a
maintained across the junction. At the same time, the currerot to be done experimentally to further decide between the
driven through the filament,= AA/pd, must not exceed the two scenarios. The corollary of the LK approach is that the
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effects described here should beiversallyobserved in all eral. Despite the considerable effort made by a number of
Anderson insulatorgexcluding, perhaps, materials where researchers, this issue remains difficult and controversial.
spin-flip interactions or other pair breakers are presditis  Further progress in this field seems to hinge on a much more
is a strong prediction that can and should be checked. Theetailed theoretical understanding of these questions than
“metallic-filament” conjecture is also amenable to a direct that available today.
experimental verification: Preseatbeam lithography tech-
niques make it feasible to fabricate an artificial metallic fila-
ment connecting two superconductors and study its transport
properties in an unambiguous way. Such experiments will be We gratefully acknowledge illuminating discussions with
very useful in elucidating the questions raised in this work. Y. Imry, B. Laikhtman, and M. Pollak. One of Ug.F.)
Finally, we remark that the main unresolved problem iswishes to thank the Charles Clore Foundation for financial
the role played by Coulomb interactions in resonant tunnelsupport. This research has been supported by the Israeli
ing processes in particular and in Andreev reflections in genAcademy for Sciences and Humanities.
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