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We study the influence of Cooper pair injection into niobi(b)/quasidiffusive multiwalled carbon nano-
tube(MWNT’s)/aluminum(Al) junctions possessing weak localization. Evaporation of the Nb electrode on the
open top end of MWNT's standing in nanopores of alumina membranes makes end-bonded structures possible,
leading to highly transparent Nb/MWNT interfaces. We found a proximity-induced conductance increase
(PI1C), which was enhanced by the extremely large diffusion constant of the Cooper pair in the MWNT's, with
onset temperatures as high @s6—9 K. In contrast, we clarified that this PIC was very sensitive to the
transparency of the MWNT/AI interface at low temperatures. High transparency led to reentrant conductance
due to diffusion out of the Cooper pairs, while we successfully found superconductivity @6 K, implying
enhanced critical magnetic fields, in some of the low-transparency samples.
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Injection of Cooper pairs into mesoscopic norm&l)( phase memory of quantum electron waves in the diffusive
conductors [e.g., in superconductor Sj/two-dimensional regime, which is represented by phase interference phenom-
electron gag2DEGQG) junctions and thin meta®/N junction] ena of those wavd®.g., weak localizatioWL) and antilo-
provides exciting quantum and mesoscopic physics. Coopeyalization (AL), universal conductance fluctuatigCF),
pair injection into carbon nanotubg€N's), a molecular  and Altshuler-Aronov-SpivakAAS) oscillation]. To the best
nanoconductor with a variety of quantum phenomena, is alsgf our knowledge, MWNT’s can be ballistic only under cer-
attracting considerable attention. Most of the past investigagjn special conditionge.g., when electrons flow only in the
tions have been performed in CN’s only in a ballistic elec-gtermost and second outermost shell®® mentioned
tron transport regimé.® Reference 1 successfully observed above. In this work we reveal the influence of Cooper pair
proximity-induced superconductiviPlS), caused by inject- g sion through diffusive MWNT's with WL, a construc-

ing Cooper pairs into ballistic single-walled carbon Nano-4;q phase interference effect of quantum electron waves.
tubes(SWNT's) suspended between the two superconductor Experimental studies on mesoscogitdiffusive-N junc-

electrodegRe and Ta They found some anomalous behav- . .
. tions have successfully revealed the presence of a variety of
iors (e.g., (1) a Josephson current that was not understand-

able in the framework of Bardeen-Cooper-ShrieffBCS) subtlg thS'Cigﬁ’{‘Jy I5/2DEG (Rejs. 9-17 gnd.thm metal
theory, (2) large critical currents(3) enhanced critical field > N Junctions.==="When theS/N interface is highly trans-
in both individual SWNT and SWNT ropes. In particular, the Parent, leakage of the Cooper pair wave function fromShe
central superconductivity question about Ta/individual-Nto theN leads to PIS. PIS has also been actively studied in
SWNT was how Cooper pairs could coexist with the LL thatt€rms of Andreev reflection, in which an incident electron
was yielded by a strong 1D repulsive Coulomb interaction incoming from theN is converted into a Cooper pair in tig
individual SWNT. This question, which prompted the discus-leaving a reflected hole in thi at the S/N junction? In
sion of the relevance of the presence of superconductivity iddition, the reentrance effect in the PIS regime has attracted
a 1D system, is still under debaté®~8indeed, Ref. 2 actu- much attention. This effect emerges when the conductance
ally reported that a resistance peak which emerged at vergnhancement due to a PIS suddenly decreases at energy lev-
low temperature and might originate from multiple Andreevels below the Thouless energ¥4,) that arises from the
reflections due to the LL in the SWNT, prevented superconuncertainty between the diffusion time of the Cooper pair
ductivity in niobium (Nb)/SWNT/Nb junctions. and its energy fluctuatiotf:**~'°S/N junctions connected to
Recently, it was reported in Ref. 5 that the Kondo effectan Aharonov-Bohm{AB) ring also show a variety of attrac-
did not screen Cooper-pair wave functions in alumindd)/  tive mesoscopic phenomena, when magnetic flux was ap-
ballistic multiwalled carbon nanotud®WNT)/Al junctions  plied into the ring.
with channel lengths as short as 250 nm when the Kondo Since it is known that quantum electron waves, generated
temperature is higher than the superconducting gap, implyfrom the molecular band in MWNT's, have the strongest
ing strong spin entanglement in the MWNT. phase coherence among all dirty materials, it is crucial to
In contrast, no one has investigated how Cooper pairslarify how Cooper-pair diffusion through MWNT’s brings
behave in CN's in the diffusive regime. It is well known that about interesting phenomena. Here, we reveal the existence
MWNT’s basically exhibit metallic behavior preserving of a proximity-induced conductance increase, enhanced by a
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FIG. 1. () Schematic cross sections of an array of end-bonded Au/Nb/MWNT/AI junctions, synthesized into the nanopores of alumina
membranes by chemical vapor depositi&efs. 19-21, each with a thickness of 2m for Au/Nb. T, of our Nb was about 8.1-9 K artdl,
was about 1500 G. The mean outer and inner diameters of the MWNT’s are 100 and 60 nm, respectively, with a shell thickness as large as
20 nm. The half-width of the distribution of the outer diameter is less than 15%. The shell structure proving the MWNT has already been
reported(Refs. 19 and 20 The measured average characteristics of MWNT’s with aboti-1@* in one array could exhibit approximately
the same properties as those of an individual MWM(REfs. 19-2], due to the extremely high uniformityb) SEM overview image of a
MWNT array, standing in the alumina membrane, implying the high regularity and open top portion of MWbJTFigh-angle annular
dark-field image of a cross sectional THR@STEM) around the Nbo/MWNT interface arrdgee(a)] annealed by the optimal conditioiet
650 °C for 30 min, implying a high diffusion of Nb atoméut at most about-510% in volume rati. No diffusion of Nb into lower ends
of MWNT’s was also reconfirmed by EDX analyséd). High resolution CSTEM image itb). We use this sample for all the measurements
described in this paper. Although bulk NbC is a superconductor With11 K, our NbC should not correspond to this case because it is not
bulk and the volume is extremely small.

large diffusion constant, in Nb/quasidiffusive MWNT/Al taneously obtained by this end-bonded strucfutbut, of
junctions possessing WL. At low temperatures, we find acourse, the resistance of the MWNT/AI interface is higher
reentrant conductance in a highly transparent MWNT/AI in-than that of Nb/MWNT interface, because of the absence of
terface sample. In contrast, we observe elimination of theNbC). This is because the annealing temperature is near both
reentrant conductance in some low-transparency MWNT/Athe melting point of Al and the synthesis temperature of
interface samples and, then, successfully observe a PIS alWNT. In contrast, in order to make this MWNT/AI inter-
Josephson current with enhanced critical magnetic fieldace a lower value, we formed a very thin tunnel barrier with
when this sample was cooled below thg of Al. a thickness of only a few nanometers at the bottom end of
High transparency of the metal electrode/CN interface ishe MWNT’s?° Annealing this sample led to diffusion of
hard to achieve because of the misalignment among chemihis tunnel barrier into the bottom end of the MWNWe
cal potentials, except for the interfaces either including carconfirmed this by TEM, resulting in a lower-transparency
bide compounds$SiC, TiC) (Ref. 18 or fabricated by a spe- interface.
cial techniqué® We successfully realized a highly First, we report on the conductance behavior in the Nb/
transparent Nb/MWNT interface by endbonding MWNT’s, MWNT's/Al junction with highly transparent MWNT's/Al
standing in nanopores of alumina membranes using a Au/Nimterfaces at the other ends. In the inset of Figp),2the
(Fig. 1),*8~2!leading to the presence of NbC at the interfacelogarithmic magnetic field H) dependence of normalized
[Fig. 1(d)]. We had already found that slight diffusion of zero-bias conductance5() is shown in the sample. This
even normal metal electrodes into the top ends of suclehavior is in good agreement with the calculated result by
MWNT’s led to a drastic change of phase interference in thehe formula for two-dimensional weak localizatioAG
bulk of our MWNT’s, using this structur. In addition, a = (e wh)In[H].>* This is consistent with our past work,
highly transparent MWNT/Al-substrate interface was simul-which reported WL in terms of the logarithmic temperature
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FIG. 2. (Color) (a) Temperature dependences of zero-bias conductaB@gp (n an Nb/MWNT's/Al (S/N/N’) junction array with a
highly transparent MWNT/AI interface, measuredTat 1.5 K for different values of magnetic field perpendicular to the MWNT axis. The
labels on the curves correspond to the values of magnetic field in G. The resistance of one MWNT with WL is estimated to be around 100
K—1 M Ohm atH=0 G, which is consistent with that of MWNT’s with W(Refs. 19, 20. Inset: Normalized3, vs logarithmic magnetic
field (In[H]) relationship betweerl =0 andH =400 G atT=7 K, at which conductance increase does not appear on temperature decrease
(see main panglin the main panel samplél was applied perpendicular to the MWNT axis. The solid line is the calculated result by the
formula for two-dimensional WI(Ref. 24. (b) The Ly, Vs T,;X”z relationship obtained from measurements of ten samples with the same
structure ada) but with differentL,.. The dotted line was obtained using the minimum square metopdransition temperature for the
reentrant conductancd (;) vs ngge relationship obtained from the six sampleglm. We could not find reentrant conductance in the other
four samples in(b). The dotted and solid lines are the results calculated fibm=AD/kL?=(A/B)%/L? with L=Lype A~1.9
x 108 mKY2, andp was a fitting parametetd) L, estimated from th® =0.37 nf/s, vsT relationship.(e) Power-law relationship for
normalizedG, magnitude AG/Gy) vs 1/T in one of(c) with T,.=4.5 K. Gy, is the normal state conductance. The solid line is just a guide
to the eyes. This result agrees exactly with Ref. 14.

dependence 06, and AAS oscillation'®?° This property nite value as in general superconducting transitions, due to
was observed in all of the samples with an average MWNTthe conductance drop. Here we found that thee
length Lo greater than 0.&m and, hence, strongly sug- =AT,;X1’2” relationship [Fig. 2(b)], A is a coefficient con-
gests that, except for the sample with,,;=0.6 um, our  stant. Importantly, this relationship agrees qualitatively with
MWNT's are in the diffusive regime. “L;=(AD/KT)Y? relationship, whereL; and D are the

In the main panel of Fig. (&), we show the temperature thermal diffusion length and the diffusion constant. This
dependences o6,. We successfully found a gradual but agreement stresses that thevs T~ relationship becomes
obvious conductance increase with an onset transition temdominant in MWNT's belowT . This is straightforward
perature Tpy) of T=5.4 K underH=0. In contrast, we note evidence that the conductance increase bélgyis strongly
that this conductance started to drop frdrs 3.4 K (i.e., the  associated with the PIS caused by the Nb electrode.
transition temperature for the conductance decrebge The conductance mechanism follows the smaller of the
=3.4K). Tpx was shifted to a lower temperature when atwo parameterd;t or phase coherence length f). Because
magnetic filed was applied perpendicular to the tube axisL 4 in our MWNT's is of the order of a fewum (Ref. 19 at
The critical magnetic fieldH ) for the disappearance of the about T=10K, thereby implyingL s>L below aboutT
conductance increase, was about 1400 G, which is mostly the 10 K, we believe that this discussion is relevant. We also
same as. of our Nb electrode film. Th& . also moved to  reconfirm that such a conductance increase was not observed
a lower temperature & =400 G and then, the conductance in any of our MWNT'’s without superconductor electrodes,
drop vanished abovel =800 G. The characteristics of the despite the fact that we measured over three hundred
conductance increase andlitsdependence are similar to the samples. They just exhibited monotonic conductance de-
behavior of superconducting transitions. However, it is recreases due to WL. In these terng,, can be a critical
markable that the conductance does not increase to an infiemperature at which PIS’s become dominant compared with
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FIG. 3. (Color) Conductance vs voltage relationships on tem- i LA .
perature change, around zero bias voltageTatl.5 K in Nb/ 0 1 2 3 4 5 6

MWNT’s/Al ( S/N/N’) junctions with low-transparency MWNT/AI
interface. Since the electrode area is twice as big as in the samp Tem peratu re[K]

for the main panel of Fig. (@) owing to the fabrication process, the
resistance normalized by area is 1.54 times larger than that in Fig.

s WG wer coled bl 121 i i, 3, o fret vl
) ' P of magnetic field perpendicular to the MWNT axis. The labels on

rr ndin he main panel, with he reentran . .
decrease, corresponding to the main panel, without the reentra ?ﬁe curves correspond to Te. Because a quasi-four-terminal method

effect. The solid line is the calculated result using the equation : . :
. was applied for each measurement, this main panel and the lower
proposed in Ref. 9.

inset include the contact resistariess than X)) for the lead lines.
Lower inset: Proximity-induced Josephson supercurrent. Upper in-
a conductance decrease due to WL as the temperature deet: Field dependence of the transition temperature, which was de-
creases. In general PIS can even occur atNhehannel fined as the inflexion point dRo(T).
length>L+, leading to shrinkage of thd length (e.g., by
Maki-Thompson-Larkin ~ fluctuations of the order )
parameters'®**From this viewpoint, it is shown in the latter ing the carrier densityN) in the N by the gate voltage in
part of this paper that conductance enhancement by PI#e Nb/2DEG junction. Instead of this, we identify a reen-
starts to appear wheh; attains about 75-85% of each trance effect by changing the length of tNechannel(i.e.,
Lupes @s the temperature loweiBig. 2(d)]. Luwbd- In Fig. 2 (c), we show theT . vs Ly, relationship
Here, we argue that the conductance drop,a& 3.4 Kin  obtained from the measurement results of the samples used
Fig. 2@ is due to the reentrance effect, which is critical for for Fig. 2b). Interestingly, this relationship is mostly linear
manifestation of the PIS regime. ThechannelN-reservoir ~ except al ype=0.6 um. This result agrees qualitatively with
(N/N’) junction attached to the other end of tNechannel, the Thouless temperature T{,) dependence on the
plays an important role in this contexte., MWNT/Al-  N-channel lengthL (i.e., Ty,=%D/kL?). As explained
substrate junction in our systénWhen theN/N’ interface is  above, because thletube=AT,;X1’2 relationship in Fig. &)
highly transparent, the proximity-induced Cooper pair ampli-(A=1.9x10 ¢ mKY?) was qualitatively equivalent t&
tude is suppressed near tNéN’ junction because the Coo- =(4D/kT)Y2 we defineA=g(#D/k)Y? whereg is a con-
per pairs diffuse out of th&l channel through the interface. stant coefficient. WithT,=#D/kL2=(A/B)?/L?, we can
In the N channel edge around thi&/N’ interface, electrons derive the Ty, vs L{uge relationship, by usingA~1.9
feel theE,(=#D/L?) gap rather thah, whereA andL are X 10 ® mKY2 L=L,,,., andp as a fitting parameter. From
the bulk superconducting gap and tNechannel length, re- the data shown in Fig.(B), the valueB?=1.35 gives the
spectively, because the diffusion becomes a dominant phéest fit to the measurements in the linear section. Hfis
nomenon. This leads to the spatially averaged normalizee-1.35 value establishes the relationship.=0.74X T+,
density of stat¢ Ny(E)] in theN channel being less than its which agrees quantitatively with those observed in the reen-
normal state value, dE<Eq,. Consequently, the conduc- trance effect in the Nb/2DEG junctio (o= 0.4X Ty;,) (Ref.
tance decreases &E=<Ey, (i.e., the reentrance effgct 10) and in the Al/Cu junction T,.=0.5XTy,) (Ref. 14.
whereas the PIS can survive onlyBzEq,. The highestT,.=4 K in Fig. 2(c), except for that at
Toyodaet all? created the reentrance effect by control- L,.=0.6 um, is much higher than that reported in Nb/
ling D and, henceE+,(=#D/L?), by systematically chang- 2DEG (T,.=0.5K) (Ref. 10 and in the Al/Cu junctions

FIG. 4. Temperature dependences of zero-bias resistae (
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(T/e=60 mK) (Ref. 14. This is a manifestation of the ex- ~ The main panel of Fig. 3 also shows ti& vs voltage
tremely high diffusivity D=0.37 nf/s, estimated from the relationship arounad of Nb on temperature decrease. A con-
parametersA~1.9x10 ¢ mk¥2 and B2=1.35, in our ductance peak around zero voltage monotonically grows
MWNT’s (e.g.,D=0.08 nf/s at most, in the case of 2DEG With A=1.3meV (=Ay,~1.4meV) fromT=6 K (=T,
andD =0.007 /s in the Cu film, resulting in strong phase = © K) with decreasing temperature, whereas two conduc-
coherence. Thi® =0.37 nf/s is also four times larger than tance dips monotonically deepen between the voltage regions
that of past reports in MWNT'$ The appropriateness of of £0.6-=2mV also atT=6 K. The very sharp conduc-

D=0.37 n?/s is also proven for the data in Figs. 3 and 4tance valley observable at a voltage-60.2 mV disappears

shown later. From this discussion, we conclude that the reé-ls the temperatire decreases. It is already known that An-

. e ._dreev reflection with a highly transpare®iN interface leads
entrance effect can occur even in a diffusive MWNT. This, growth of a conductance peak®23The characteris-
conclusion is consistent with a highly transparent MWNT/

N . . . tics of the increasings, peak are qualitatively similar to
Al-substrate N/N’) interface. The high carrier density, <o in Refs. 6, 9, and 23. In particular, Kastalekial®

which was introduced by the efficient injection of Cooper ghowed that the Nb/InGaAs junction exhibited exactly the
pairs through the highly transparent ND/MWNT interface,same properties as ours. Therefore, this growth in the con-
could be the origin for this largB. ductance peak is also evidence for the highly transparent
Figure Zd) showsLy, estimated fronD=0.37 nf/s, at  Nb/MWNT interface without the reentrance effect and the
each temperature. Comparison of Figdj2with Fig. 2b)  consequent PIS. Here, we try to reconfirm whether the con-
indicates that conductance enhancement by PIS starts Huctance increase shown in the inset of Fig. 3 is due to PIS’s,
emerge when the Cooper pair wave functiee., L1) dif-  using the equatiolGgy/Gy=TL17, IN¥(T./T), wherer, is
fuses to positions of about 75—-85% from the Nb/MWNT the order parameter relaxation tim&ased on thead hoc
interface in each e, as temperature lowers, when we ne-assumption thatr,=T~ ¢ with a<1, Gg /Gy varies as

glect the influence of WL. T~ *"1L1In%(T,/T). In fact, the data and calculation result are
Here, a mean free path] is estimated to be as long as in good agreementinset of Fig. 3. The best fit usingd>
0.74 um, when one simply uses the relationsBip=Vgl/2 ~ =0.37 forLy givesGgy=0.1GyT>*L1 In*(T,/T), resulting in

andVg=10° m/s, which is the Fermi velocity in MWNT  Gn=0.0747S and a= —2.5. Therefore, we conclude that
Because this meansp—=0.6 um<Il,=0.74um, the the conducta}nce increase in Fig. 3 can be attributed to An-
MWNT with Lye=0.6,2m is in the ballistic regime and, dreev reflection and PIS.

hence, discussion in the diffusion regime here cannot appl¥ When this was cooled below=1.2 K, we could success-

to this sample. This is consistent with the departurergf  'Ully find a superconducting transition, due to PIS &itl/S

from the linear regime in the MWNT with_,,c=0.6 um struqtu_re,_atTc=0.6 K (main panel_ of Fig. )_4and clear
[Fig. 2(c)] (i.e., a weakening of the reentrance effect in theprommlty-mduced supercurrexipwer inset of Fig. 3 These

ballistic regime. In addition, this is also consistent with the behaviors are very similar to balistic SWNT systénat

) i ~ least for the following two termg1) The resistance drop at
absen.ce of the WL property as shown in 'the inset of F'QZero-magnetic field is gradual on temperature decrease, with
2(a@), in the Lyp~=0.6um sample. In this sense, our

L . oo two steps between the onset temperature dpd(main
MWNT's with the L ,e=0.8 um can be in the quasidiffusive nanej (2) The transition between the superconducting state
regime, strictly speaking. However, the study of Cooper-paifyng the dissipative state is very abrupt, showing hysteresis
diffusion in 2DcI)EG has been successfully performed even iNoops abovd, (lower insel.
such a regime The first term will be interpreted by as a pinning of
The temperature dependence of the normaliggdFig.  spreading out of Cooper pair wave functi6re., increase of
2(e)] also supports the presence of the reentrance effect.;) due to defects or impurities in the MWNT’s when tem-
Charlatet al'* showed that the power-law decay 8G/Gy  peratures lowered. This is consistent with the low-transparent
on temperature increases with the ratio being between 2.B/MWNT interfaces, which were formed in order to sup-
and 0.5 % and its saturation beldw, (=50 mK). These are press the reentrant effect and with the quasidiffusive carrier
quantitatively in precise agreement with FigeR transport in our MWNT’s. The second term was also dis-
Next, we show the normalized conductand@f/Gy) cussed from the viewpoint of the phase-slip center, in which
property atT>1.5K in Nbo/MWNT’s/Al junctions with a  the normal state appears around defects aboveThis may
low-transparency MWNT/AI interface on the other efide  be consistent with the explanation for the first term, because
inset of Fig. 3. Interestingly, in some samples of this type, defects play an important role in both phenomena. It is inter-
only the monotonidGg, /Gy increase is observable frof  esting that these similarities are observed in both the ballistic
=6 K down toT=1.5 K as the temperature decreases. Beand diffusive CN's. This may indicate a large sensitivity
cause thisT=6 K approximately corresponds to tfig, of ~ of the Cooper-pair wave function in CN's to defects or
MWNT'’s with L,=0.8um [see Fig. 2)], this conduc- impurities.
tance increase can be due to PIS’s. As explained above, be- However, as the most striking difference from the case in
cause this low-transparency MWNT/AI interface suppresseSWNT's, we found that th&®, vs temperature relationship in
diffusion out of the Cooper pairs to the Al substrate, thethe main panel of Fig. 4 mostly does not change whkn
reentrance effect disappears. This strongly supports the claim 1 T was applied and that thé.=5.2 T estimated from the
for the reentrance effect mentioned above. upper inset of Fig. 4 was surprisingly about 35 times larger
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thanH_.=0.15 T of our Nb electrode. In addition, this ratio is MWNT's. Why some samples have the reentrant conduc-
about four times larger than the ratio bff,’s between the tance and the others have supercurrents is not yet perfectly
SWNT and the Ta electrode connected télid times.> This  understood and controlled, even in terms of the MWNT’s/AI
result may be associated with the possibility that our MWNTinterfaces presented here. The appearance of supercurrents in
can maintain strong spin coherence and its entanglement the low-transparency MWNT's/Al interface samples also
spin singularity for the applied magnetic field. In fact Ref. 5seems to be not consistent with general supercurrents
experimentally turned out strong spin entanglement in thehroughS/N/S junctions here. Anyway, it is sure that this is
ballistic MWNT by successful observation of the coexistenceyery sensitive to the interface transparency of MWNT’s/Al
of a Kondo singlet and PIS. junctions. However, our method utilizing nanoporous alu-
The reason for this highl. is not yet clear. Even the third mina membranes can be a powerful tool to easily realize
Hc (Hcs) of Nb (i.e., presence of surface superconductivity end-ponded CN's and the highly transparent interface of
cannot explain this, because the thickness of Nb electrode i§qtg1/CN junctions. If there exist the strong spin-phase co-
1 wum (> phase coherence lengthand only Hgg
~1.69% ., (0.15 7). The inverse proximity effect, in which
the T, of the Pb film and itsA were enhanced with slightly
increasing Ag thickness in 2D ultrathin superconducting
quench-condensed Pb film with an overlayer of'Agannot We sincerely thank H. Bouchiat, H. Shinohara, B. Alt-
explain such a 35-times largét,. Because the addition of shuler, C.M. Marcus, R. Mohanty, M.S. Dresselhaus, Ph.
quasiparticles from the Ag layer suppressed the strong ColAvouris, D. Tomanek, L. Kouwenhoven, and J.-P. Leburton
lomb interaction, which degradefi, and A, in the Pb film  for fruitful comments, discussions, and encouragement. This
and enhanced the electron screening in the system, the imork was supported by Carbon Nanotube Electronics from
verse proximity effect took place. Our Nb film is not similar the Special Coordination Funds for Promoting Science and
to the case of this Pb film. Therefore, more careful investi-Technology of the Ministry of Education, Culture, Sports,
gation is required to reveal the origin of this anomaly. Science and Technology of the Japanese Government, and by
In addition to the results presented here, more investigathe fund of Promotion of Material and Science Technology
tion will be required to fully understand PIS’s in diffusive (MST).

herence and spin entanglement without strong electron inter-
action unlike SWNT’s, MWNT'’s must be a molecule favor-
able to quantum computation and teleportation.
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