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Chapter 1

EVIDENCE FOR ROOM-TEMPERATURE
SUPERCONDUCTIVITY IN CARBON NANOTUBES

Guo-meng Zhao*
Department of Physics and Astronomy,
California State University at Los Angeles, Los Angeles, CAZ®, USA

Abstract

In this article, we provide electrical, magnetic, tunnglimnd Raman spectro-
scopic evidence for room-temperature superconductivitygarbon nanotubes. Elec-
trical measurements indicate that the superconductimgitran temperatures in car-
bon nanotubes can vary from 0.44 K to 750 K. The temperatupernitencies
of the resistive transitions agree quantitatively with thell-established Langer-
Ambegaokar-McCumber-Halperin (LAMH) theory for the réisis transition of quasi-
one-dimensional superconductors. Because of a finite nuofbieansverse conduc-
tion channels, the four-probe resistance of an individulaétwill not go to zero in the
superconducting state. This would lead to a false impragiat these tubes are not
superconducting. Nonetheless, the on-tube resistanamat temperature is found
to be indistinguishable from zero for many individual muitalled nanotubes. The
very small but finite room-temperature on-tube resistaa@nsistent with quantum
phase slips due to the finite number of transverse channegnétic measurements
show a small Meissner effect in aligned and physically seearmulti-walled nan-
otubes up to room temperature. The small Meissner effeatésta the fact that the
diameter of the tubes is much smaller than the magnetic riwet depth. At low tem-
peratures, the directionally averaged diamagnetic stibilép for physically coupled
multi-walled nanotubes increases by a factor of 4.3 contpasth that for physically
separated tubes, which is consistent with the enhancerhém Meissner effect due
to the Josephson coupling among the superconducting tEbether, Raman data and
single-particle tunneling spectra consistently show thistence of single particle ex-
citation gaps of larger than 100 meV. We suggest microsqogiting mechanism for
high-temperature superconductivity in carbon nanotubes.
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1. Introduction

It is generally believed that the superconducting transition temperaguwannot be higher
than 30 K within the conventional phonon-mediated mechanism. AlexandmbWiartt
[1] demonstrate that strong electron-phonon coupling can lead to thetfomud intersite
bipolarons and that the Bose-Einstein condensation of the bipolaronexgdain high-
temperature superconductivity in cuprates. Ginzburg [2] and Little [8ppse that high-
temperature or room-temperature superconductivity could be realizecchgrgging high-
energy electronic excitations such as excitons and plasmons. Lee amtbideshow that
superconductivity as high as 500 K can be reached through a pairimgdtiten mediated
by undamped acoustic plasmon modes in a quasi-one-dimensional (1Ddriestystem
[4]. Moreover, high-temperature superconductivity can occur in a riaylér electronic
system due to an attraction of charge carriers in the same conducting laychange of
virtual plasmons in neighboring layers [5]. If the plasmon-mediated pairincharésms
are relevant, one should be able to find high-temperature supercosiguctiquasi-one-
dimensional and/or multi-layer systems such as cuprates, carbon nasm¢@NEs), and
graphites.

Carbon nanotubes constitute a novel class of quasi-one-dimensionaiafsatenich
would offer the potential for high-temperature superconductivity. Tihgplest single-
walled nanotube (SWNT) consists of a single graphite sheet which isctimt@ a long
cylinder with a diameter of about 1 nm. Band-structure calculations predittcdrbon
nanotubes have two types of electronic structures depending on thitgh@a7], which
is indexed by a chiral vectdr, m): n —m = 3N + v, whereN, n, m are the integers, and
v =0,41. The tubes with, = 0 are metallic while the tubes with= 41 are semiconduc-
tive. For metallic chirality SWNTSs, there are two and six transverse conauctiannels
when the Fermi level is crossing the first and second subbandsctiespe Multi-walled
nanotubes (MWNTS) consist of at least two concentric shells which duaNeé different
chiralities. The outer diameter of MWNTSs prepared by arc discharge mallyr centered
around 10-15 nm. The MWNTSs possess both quasi-one-dimensionahaltidayer elec-
tronic structures. This unique quasi-one-dimensional electronic steuitturoth SWNTs
and MWNTs make them ideal for plasmon-mediated high-temperature snpextvity.

In order to confirm the existence of superconductivity, it is essentiatdwvige two
important signatures: the Meissner effect and the sharp resistivétivars the zero re-
sistance state. However, these two essential signatures are less dhvéogsasi-one-
dimensional superconducting wire that has a finite number of transvenskeiction chan-
nels and a very thin transverse dimension. Due to large superconducitgptions, the
resistive transition in quasi-1D superconductors could be very bi®achuse of the finite
number of transverse channels, the four-probe resistance nexgrt@aero even though
the on-wire resistance approaches zero. This would lead to a false sigorélsat these
thin wires are not superconducting. Because the magnetic penetratitinrdap be far
larger than the transverse dimension, the diamagentic Meissner effectbrigkyligible,
which makes it difficult to distinguish between the Meissner effect and drihidanag-
netism. Therefore, it is difficult to unambiguously identify quasi-1D supedactivity in
ultra-thin wires such as carbon nanotubes.

In spite of these difficulties to show the conventional signatures of sopéuctivity in
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ultra-thin superconducting wires, Zhabal. [8] reported in 2001 magnetic and electrical
evidence for possible superconductivity above room temperature in Miat samples.
Since then, Zhao [9, 10, 11, 12, 13, 14] has analyzed the publishedetiggelectrical,
and optical data for both single-walled and multi-walled carbon nanotubdspravided
over twenty arguments for the existence of superconductivity abowe temperature. In
this article, we will present electrical, magnetic, tunneling, and Raman specpit evi-
dence for room-temperature superconductivity in carbon nanotubegsction 2. we make
guantitative data analyses on the observed resistive transitions in aaabotubes. We
find that the resistive transitions in carbon nanotubes agree quantitatitelthe Langer-
Ambegaokar-McCumber-Halperin (LAMH) theory [15] for quasi-10petconductors al-
though the superconducting transition temperatures vary from 0.4 K to 760dfferent
samples. In section 3., we identify the Meissner effect in the field paralle¢timtie axis up
to room temperature for aligned MWNTSs that are physically separatedmBigaitude of
the Meissner effect is in quantitative agreement with the predicted penetdsyih from
the measured carrier density. Furthermore, the diamagnetic susceptibilitgétygimcked
MWNT bundles increases by a factor of over 4 at low temperatures ceapath that for
physically separated tubes. This is the hallmark of the Josephson couplorgyahe tubes
in bundles. In section 4., we provide Raman spectroscopic evidencegerconductiv-
ity at about 665 K in a SWNT mat sample. We quantitatively deduce the suphrcting
gapA(0) at zero temperature, the mean-field superconducting transition tempéfature
and the electron-phonon coupling constant for the Raman-activeiticaplode. We find
that A(0) = 106 meV and A(0)/kgT.o = 3.7. In section 5., we present the tunneling
evidence for the existence of large single-particle excitation gap300 meV) in both
SWNTs and MWNTS. In section 6., we provide evidence for negligible te-tesistances
at room temperature in many individual MWNTSs, and rule out the possibilitipadlis-
tic transport at room temperature. In section 7., we discuss microscopitamism for
high-temperature superconductivity in carbon nanotubes. We shovEW&aIT bundles
and individual MWNTSs are ideal systems for high-temperature supdumivity within
the plasmon-mediated mechanism. In section 8., we discuss the pairing symrmapy. |
pears that s-wave gap symmetry is relevant. In the last section, we wilcgiveuding
remarks.

2. TheRedstive Transitionsin Carbon Nanotubes

2.1. Theoretical Description for the Resistive Transition in Quasi-1D
Superconductors

The phenomenon of superconductivity depends on the coherence ifidise of the super-
conducting order parameter. The phase coherence of the supectiogdrder parameter
leads to the zero-resistance state. For three-dimensional (3D) bulknsygtee transition

to the zero-resistance state occurs right below the mean-field supectioigdtransition
temperaturel o such that the resistive transition is very sharp and the transition width is
negligibly small. In contrast, the resistive transition in quasi-1D supercodiis broad
because of large superconducting fluctuations. A quantum theory talieshe resistive
transition in quasi-1D superconductors was developed by Langer, gaokar, McCumber
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and Halperin [15] over 30 years ago. The theory is based on therméihatec phase slips
(TAPS), which cause the resistance to decrease to zero exponentiabyldition to the
thermally activated phase slips, there also exist quantum phase slips ddi@ite aum-
ber of transverse channels [16], which prevent ultra-thin wires cegdtom being true
superconductors with absolutely zero resistance.

In a theory developed by Langer, Ambegaokar, McCumber and Halfs]n phase
slips occur via thermal activation, leading to a finite width for the resistivesitian. The
resistance due to the TAPS is given by [17]

h  hQ

= 1T exp[—AF,(T)/kpT), 1)

Rra
where the attempt frequen€yis [15]
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HereL is the length of the wire5(T') is the coherence length, andrar, = (8/m)kp (T —
T'). The barrier energAF,(T) is

_ 8V2HA(T)
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Ag, (3)
where H2(T)) /8~ is the condensation energy, is the cross-section area of the wire, and
the critical field neafT is given by H.(T') = 1.73H.(0)(1 — T'/T) within the BCS
theory [17]. Usingt(T) = £(0)(1 — T/Tw)~'/? (Ref. [17]), we then have

where i
AF,(0)  8V/2 H2(0
eI L 9_a¢(0). ©
kTeo 3 8wkpTe
Combining the above equations, we finally get
m T 3cT, T ..
Mo 94 _ 90 L 32
with I
= 2.55T.0(3c¢Th0) /2 — 7
m 55 0(30 0) é—(o)? ( )

wherem is in the unit of K2K?3/2. We would like to mention that the exponent in Eq. 6 is
factor of 3 larger than that in a similar formula deduced in Ref. [18]. It issjide that the
authors in Ref. [18] missed the prefactor of 1.73Hpn(T).

The condensation energy at zero temperattifg0) /8 is equal to N (0)A2(0)/2
within the BCS theory, wher&/(0) is the density of states near the Fermi level &1@) is
the superconducting gap at zero temperature. For a single metallic SWNT witinams-
verse channelsy(0)A = 4/3rac—_c7. (Ref. [19]), hvp = 1.5ac—c7. (Ref. [20]), where
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v, is the hopping integral ands_¢~ (0.142 nm) is the bonding length. Using the BCS
relations:{pcs = hvp/mA(0) andA(0)/kpTeo =1.76, and the above relations, one can
readily show that
c= 0.68&. 8)
{Bes
If a bundle of single-walled nanotubes or a multi-walled nanotube consistg,dfansverse
channels, then
£(0)

¢pes’

In the clean limit£(0) = 0.7&£ pcs and thus: = 0.25N,y,.

For two-probe or four-probe measurements on carbon nanotubes miightfansverse
channels, the total resistanceRs= Ry + Riupe, Where Ry, iS the on-tube resistance
and Ry = R; = Rg/tNgy, for four-probe measurements, & = Rg/tNe, + R, for two
probe measurements [21]. Herés the transmission coefficient € 1), Rg = h/2e? =
12.9 K is the resistance quanturR, is the contact resistance, at] is the tunneling
resistance. Botlik,. and R; should be temperature independent. For ideal cont&gts, 0
andt =1, soRy = R; = 12.9 K2/ N, for a bundle comprisingV,, transverse channels. For
quasi-1D systemsy,,, is always finite such that both four-probe and two-probe resistances
never go to zero even if the on-tube resistance is zero. On¥jifgoes to infinity, as in
the bulk 3D systemsR; becomes zero such that four probe resistance can go to zero below
the superconducting transition temperature. Therefore, the non-aarpifobe resistance
in ultra-thin wires does not rule out superconductivity in the wires.

c=0.34N,, 9)

2.2. TheResistive Transition in a SWNT Bundlewith T,, =0.44 K

In 2001, Kociaket al. provided the first experimental evidence for superconductivity in
single-walled carbon nanotube bundles from the electrical transpodurezaents [22].
Although the superconducting transition temperature is lavi K), the resistive behavior
of the nanotube bundle can serve as a prototype for the resistive trangitquasi-1D
superconducting wires with a finite number of transverse conductiomelsan

Figure 1 shows the two-probe resistance data for a SWNT bundle thsistoof about
350 tubes [22]. One can see that the resistance starts to drop beloidah#l decreases
more rapidly belowl,; ~ 0.44 K and saturates to a value of 24From the saturated value
of Ry = 74Q and the relationRy= R/t N, + R., one can easily find that more than 174
transverse channels are connected to the electrodes and participairicalgansport.
This implies that more than 87 metallic-chirality superconducting SWNTs takénpalec-
trical transport. Considering the fact that one third of tubes should ma¢allic chiralities
and become superconducting, we find the total numigy)(of the superconducting tubes
to be 117, implying that > 0.74.

The value ofN,,, can be also deduced from the measured curfgmtt which the last
resistance jump occurs. THg corresponds to the critical current for a superconducting
wire without disorder and with the same number of transverse channglsf@rding to
the BCS theory, the mean-field critical current in the clean limit is given by [170) =
ensAA(0)/hkp. The superfluid densitys is equal to the normal-state carrier density
which is given byn = 2N,,N(0)Er = 2N,,N(0)hvpkp = AN,,kr/An. Here we have
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Figure 1. The temperature dependence of the two-probe resistarec8WINT bundle that
consists of about 350 tubes. The data are extracted from Ref. [22].

used the relations for single metallic tub®:(0)A = 4/3mac—cYo, hvrp = 1.5ac—cYo,
andE = hvp|k|. UsingA(0)/kpTeo = 1.76, we finally getly = 7.04kpT.oNm/eRg.
With I} = 2.4 uA (Ref. [22]) andT, = 0.44 K, we haveV,, = 116, in remarkably good
agreement with the value (117) deduced above.

In Fig. 2, we fit the resistance data below Q[g8by

36T, T

R =R, + aexp[— (10)
Here the first termR, = 74 () is the sum of the tunneling and contact resistances and the
second term is the on-tube resistance, which has a similar exponentiaidéege oril’
as Eq. 6 but with a temperature independent prefactor. We can seedlitishexcellent
with the fitting parametes = 2.99+-0.05 andl} = 0.394+0.002 K. Reducing or increasing
the temperature region for the fit tends to worsen the fit quality. Therefloeeon-tube
resistance goes to zero exponentially belgiv= 0.897 ;. The microscopic origin of this
simple exponential dependence up to @.89s not clear, so we consider Eqg. 10 only as an
empirical formula.

We also try to fit the resistance below 0188 by

m

T
s~

_ 3CTCO T )3/2]
TCO

(-7

94 ex
p

R=R,+ (11)

(
Here the first ternR, = 74 Q) and the second term is the on-tube resistance which is the
same as Eq. 6 predicted by the LAMH theory. We find that the fit is not goaddtlae
fitting parameters have no quantitative agreement with the LAMH theory. Thiscause

the LAMH theory is only applied to the temperature region where the barrightis far
larger thankgT so that current carrying states involved are truly metastable [23]. The
estimated region of validity for the LAMH theory is below 0RZ; for dirty wires where

the mean free path<< {pcg (Ref. [23]). For the SWNT bundle, the condition bk <
¢pes is well satisfied, as seen below. In Fig. 3, we fit the resistance data bedéi ) by
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Figure 2. The temperature dependence of the two-probe resistanaeSMINT bundle
below 0.88 . The solid line is the curve best fitted by Eq. 10 with- 2.99+-0.05 and

T = 0.394-0.002 K. Reducing or increasing the temperature region for the fit tends to
worsen the fit quality. It is striking that the on-tube resistance belowIQ,88ecreases
exponentially to zero.

Eqg. 11. Here we have ignored the normal conduction becBuysgis a factor of about 20
smaller thanR . One can see that the fitting is very good with the fitting parameters:

= 26.6+4.7 QK andc = 3.08+0.13. It is remarkable that the value ofs nearly the
same as the value ¢f (2.99-0.05) deduced above from a simple exponential fit (Eq. 10).
We will see below that the fitting parameterandm are in quantitative agreement with the
LAMH theory.

From the values ofn, ¢, and Ty, we can evaluate the zero-temperature coherence
length&£(0) using Eq. 7. Substituting: = 26.6 K2K!, ¢ = 3.08,Tc = 0.44 K, andL =
100004 into Eq. 7, we obtairg (0) = 850A. From the measuref 5 (0.25K)/L = 12 k/pm
(Ref. [22]) and the relatiodfk y /L = R /2N, (Ref. [24]), we can calculate the mean free
pathl at 0.25 K. WithN,,, = 117, we gef = 46 A. Substitutingl = 46 A and¢(0) = 850
A into the dirty-limit formula [23]: £(0) = 0.85+/€5csl, We havet g = 21739A. With
Epos = 21739A, £(0) = 850A, and N, = 2N,,, = 334, we calculate = 3.11 from Eq. 9.

It is remarkable that the calculated valuecdfom Eg. 9 is in quantitative agreement with
the value (3.08) deduced from the fitting.

We can also estimate the Fermi velocity from the deduced value @fzcs and the
formulaépes = 0.18kvp /kpTey. With Epos = 21739A andT,, = 0.44 K, we gefivg =
4.6 eVA. Then we estimate, = 2.16 eV fromhvr = 1.5ac_¢c7,. This value is very close
to the value (2.4 eV) estimated from the first-principle calculation [25].

The deduced value @f(0) = 850A is also in excellent agreement with the measured
critical current/.. for this SWNT bundle. For a diffusive superconducting wire, the critical
current/. is given by [26]

A(0) L

le="p 0 (12)
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Figure 3. The temperature dependence of the two-probe resistanaeSMNT bundle
below 0.06%5. The solid line is the curve fitted to the data below (R@6by Eq. 11
predicted by the LAMH theory. The estimated region of validity for the LAMHadiheis

below 0.0y for dirty wires wherd << £pcs (Ref. [23]). The condition of << épcs

is well satisfied in the SWNT bundle (see text).

UsingA(0) = 1.76k T, and substituting?(0.1K)/L = 12.5 K2/um (Ref. [22]) and(0)

= 850A into Eq. 12, we findl, = 62.4 nA, which is very close to the measured value (62
nA) at 0.1 K (Ref. [22]). Thus, the resistance data of the SWNT bungiiees with the
LAMH theory in a quantitative way.

2.3. TheResistive Transition in an Individual MWNT with 7., = 262 K

In 1996, Ebbesemrt al. made four-probe resistance measurements on individual multi-
walled carbon nanotubes [27]. Four 80-nm-wide tungsten leads wéternmsd by ion-
induced deposition of tungsten from W(G@arrier gas. This technique makes it possible
for electrodes to connect multi-shells of the tubes [28]. It is interestingtieatlectrical
properties vary significantly from samples to samples. Some tubes shopt glmps in
resistivity when the temperature increases. In some other tubes, thenesistaoom tem-
perature is very small (e.g., 200 but a metal-insulator transition occurs below about 200
K. We will show that the resistive behavior in the former case is in quantitaiveement
with that expected for quasi-1D superconductivity. The resistive\dehi the latter case
may be explained by a superconductor-to-insulator transition in dirty duiasiystems.
Figure 4 shows the four-probe resistance data for a single MWNT withraedé of
1242 nm. The inner contact distancelis= 5000A. One can see that the resistance drops
more rapidly below about 262 K and saturates to a value of about 88felow 160 K.
The resistive behavior of this single tube is similar to the resistive transitioa tprasi-
1D superconductor witfi,y ~ 262 K. The finite resistance far below the superconducting
transition temperature is due to a finite number of transverse channels,ig/agthmated to
be about 54 for this tube (see below). UsiRg= 8.80 K2, N, = 54, and the relationR
= Rg/tN.,, we estimate the averagdor each channel to be about 0.013. The small value
of ¢t suggests that the electrical contacts to the tube are rather poor. Assunegtigible
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Figure 4. The temperature dependence of the resistance for a singleTMWNd ~ 12
nm. The data are extracted from Ref. [27].

on-tube resistance below 160 K, we estimate that the on-tube resistancenoriia state
(at 300 K) is about 34 R, leading toR /L = 68 k2/m.

In Fig. 5 we fit the resistance data bel@w= 233 K = 0.89, by Eg. 10 with a fixed
Ry = 8.80 K)2. One can see that the fitting is excellent with the fitting parametérs:
11.710.12,=19.0+0.1 K2, andT = 234 K. It is interesting thal}* = 0.89,, which is
the same as that for the SWNT bundle wiily = 0.44 K.
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Figure 5. The temperature dependence of the resistance for the 124K TNelow 233 K
= 0.89,y. The solid line is the curve best fitted by Eq. 10 with the fitting parameters:
11.710.12,a0 = 19.0£0.1 k2, and7} = 234 K, and with a fixed?y = 8.80 K2. Reducing
or increasing the temperature region for the fit tends to worsen the fit quality

In Fig. 6 we fit the resistance data below about 35y

m |
= +—(1

SCTCO T 3/2
TL5 o )77

7 7,

9/4

(13)

31
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We fit the resistance data in this region becausetgcs, as seen below. We can see that
the fitting is excellent between 190 K and 210 K. There is a small deviation batig0
and 190 K, which may arise from quantum phase slips. The fitting paranstens =
(1.64+£0.14)x 10" kQK'5 andc = 10.27:0.23. It is striking that the values gfandc are
also very close, similar to the case of the SWNT bundle @Wjth= 0.44 K.

14|||||

13 |

MWNT (d = 12 nm)

12}

11 |

R (kQ)

10}
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8 L ]
150 160 170 180 190 200 210
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Figure 6. The temperature dependence of the resistance for the 12/ TNbelow about
0.15Ry. The solid line is the curve best fitted by Eq. 13 with the fitting parameters:
(1.64+0.14)x 10" kQK % andc = 10.27:0.23.

From the values ofn, ¢, andT,y, we can evaluate the zero-temperature coherence
length&(0) using Eq. 7. Substituting: = 1.64x10" kQK!5, ¢ = 10.27,T, = 262 K, and
L =5000A into Eq. 7, we obtair (0) = 18.3A. From the measurefy /L = 68 k/um
and the relatiotRy /L = Rg /Nl (Ref. [24]), we calculateéV,,[ = 1897A. Substitutinge
=10.27 into Eq. 9, we geW,.;, = 30.Zpcs/£(0). By solving the three equationsV,,l =
1897A, N, =30.Zpcs/£(0), ands(0) = 0.74¢pcs/x(0.8826gos /1), we finally obtain
1=35A, N, = 54, andt gcs = 33.0A. Here the Gorkov function () is defined as [23]

> 0.95
x(z) = ;) (1+2n)2(1+2n+a) (14)

The fact thal ~ £gcg indicates that the LAMH theory (Eq. 13) is valid only below 0Ry
(Ref. [23]). This justifies the region of the data we select to fit.

We can also evaluate the Fermi velocity from the deduced value @fzcs and the
formulaépes = 0.18hvp/kpT.. With Egcg = 33A and Ty, = 262 K, we getfivy =
4.14 e\A, which is about 10 smaller than that deduced above for the SWNT bundle.
Using the value ofy, = 2.4 eV estimated from the first principle calculation [25] and the
relationfivp = 1.5ac—_c7. (Ref. [20]) for the first subband of metallic chirality tubes, we
obtainfivg = 5.1 e\VA. The value offiwr deduced from the LAMH theory is about 20
lower than the value expected for the first subband of metallic chirality tiBesh a small
discrepancy may be explained by a fact that the Fermi level of some dets 5 crossing
the second or higher subbands where [29] the Fermi velocity is smallettthtfior the first
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subband. This quantitative agreement provides compelling evidencéyfetdmperature
superconductivity at 262 K in this 12-nm MWNT.

Now we would like to show that the deducéd,, = 54 is also reasonable. For the
MWNT with d = 12 nm, the total number of shells can be estimated to be about 17 using
the fact that the intershell distance is 0.34 nm. This implies that the averagesnoib
conducting channels per shell is about 3.2. This is possible when the lesehof some
outer shells crosses their second subband (see above), which tiaamerels for a metallic
chirality shell and 4 channels for a semiconducting chirality shell [20].

We can estimate the lower limit of the average number of conducting chanmnalsgile
for an 18-nm MWNT from the measured room-temperature four-pradistesmce, which is
20092 (Ref. [27]). Using the relatio® = Rq/tNcy+ Riypve > Rg/Nen, andR = 20092, we
getN., > 64. The total number of shells for the 18-nm MWNT should be about 26 Th
implies that the average number of conducting channels per shell for themMWNT is
larger than 2.5, in agreement with that (3.2) deduced independently fa2then MWNT.

The other puzzling feature in the resistive behavior of this 18-nm MWNT és th
metal-insulator transition below about 200 K (Ref. [27]). We can attribute tihia
superconductor-insulator transition in dirty quasi-1D systems. It is shbainwhen the
thermal length is larger than the localization length below a temperdjurén quasi-1D
systems, the Anderson localization sets in and the ground state becometing4$8&.

2.4. TheResistive Transition in aSWNT Mat with 7., = 710 K

Single-walled carbon nanotubes, prepared by metal-catalysed lasgoraldfigraphite,
form closely-packed crystalline bundles. The bulk samples, or mats tafsatangled
bundles that are contacted with each other and oriented randomly [3t]osk-packed
crystalline bundles are superconductors, the bulk samples shouldeb@teagranular su-
perconductors. Depending on the Josephson coupling strength betveesuperconduct-
ing “grains”, the ground state could be metallic, insulating, or supercaimdu82]. It is
interesting that the contact barrier resistance of a granular supeictondollows a rather
unusual exponential temperature dependence in a certain temperatyee[32], that is,
Ry(T') = Ry(0) exp(BT'), whereB could be positive, negative, or zero. This temperature
dependence of the barrier resistance was also suggested [33] fotehigbe barrier resis-
tance in MWNTSs. The barrier resistance extrapolated to zero temperafimgaseven if
theT'-dependence of the resistance behaves like an insulator. This uniggiwedsehavior
makes a clear distinction from that for conventional semiconductors viteresistance at
zero temperature goes to infinity.

Figure 7 shows the temperature dependence of the resistivity for a SWNTheadata
are extracted from Ref. [31]. Below 200 K the resistivity is nearly tempeeandependent
while above 200 K the resistivity increases suddenly and starts to flattexboue 550 K.
This behavior is similar to that for a granular superconductor. Below westvllv that this
is indeed the case.

We fit the resistivity data by

BT T
SE(1 - 7). (15)

C

p=po(T) + ccexp[—
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Figure 7. The temperature dependence of the resistivity for a SWNT matddtha are ex-
tracted from Ref. [31]. The solid line is the curve fitted by Eq. 15 with the fitiagameters:
po = 6.27°40.018 nf2cm, 5 = 0.90+0.04, andl’* = 636.3 K.

Here the first term is the intertube contact barrier resistivity, which coaltemperature
dependent, and the second term is the on-tube resistivity that follows a sirguaential
form same as Eq. 10. In the present case, the intertube barrier iigsigfipears to be
independent of temperature in the temperature region we are interested, i} ~e0.
It is striking that the data can be well fitted by Eq. 15 with the fitting parameteass:
6.27H0.018 nf2cm, 5 = 0.90£0.04, andl} = 636.3 K. Using the relatioff’’ = 0.89%[
deduced empirically above, we obtdlny = 710 K. It is remarkable that th&,, value
obtained from the resistivity data is very close to that (665 K) inferrech fitee Raman data
for a similarly prepared SWNT mat [13, 14] (see section 4.).

By extrapolation of the data shown in Fig. 7fo= 710 K, we estimate the normal-state
on-tube resistivity at 710 K to bg}/"~ 1.1p\"(T.0) = 6270 uQ2cm. Since about one-
third of tubes have metallic chiralities and the mat consists of crystalline bundieartn
oriented randomly, the intrinsic normal-state on-tube resistp/ifyof the superconducting
tubes should be much smaller thaff”, that is, p%; = p%”/f, wheref is the reduction
factor that should be close to 3(1/0.33) = 9. The intrinsic mean freel/psttelated top’;
by

l= @é, (16)
2 pi
were A, is the area of single tube, which is equal to 3498 m? for d = 1.4 nm. If we
takef =9, we getl = 14A atT =710 K from Eqg. 16. If the resistivity jump above 200 K
were due to inelastic scattering, the inelastic mean free path would be abAuafldbout
700 K. This is inconsistent with any electrical transport mechanism for $8VN

Using hwp = 4.5 eVA and T,y = 710 K, we find that the BCS coherence length along
the tube-axis directiofgcg = 13.2A. The zero-temperature coherence length along the
tube-axis directiort (0) should be smaller than the clean-limit value: GZ4s = 10 A.
Then the coherence length perpendicular to the tube axis should beddrilek. Such
a short coherence length implies that only those superconducting tuliesréhadjacent
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to each other can have enough Josephson coupling to form a sugectiog bundle. A
simulation [34] indicates that the average number of the metallic-chirality tubesitha
adjacent to each other is about 2. This implies that the average number rokthabic-
chirality tubes comprising a superconducting bundle is also about 2, ahthére are a
number of independent superconducting bundles within a physicaldund

If we assume that the normal-state resistivity is linearly proportional avove 200 K,
the average mean-free path between 200 K and 580 K should be abéuls?ﬁificantly
larger thar€ zc.. Then we estimate(0) ~ 8 A. Using Eq. 9 and ~ 3 = 0.9, we obtainV,,
~ 4.5, This implies that, on average, about two metallic chirality tubes are adjaoceath
other and form a superconducting bundle, in quantitative agreement \eitsirtiulation
[34].

2.5. TheResistive Transition inaMWNT Mat with 7,, = 752 K

A multi-walled carbon nanotube is packed in such a way that each shell cemtric

with each other. If each shell has phase-incoherent supercoviduddWNTs are almost
optimally packed to maximize the Josephson coupling and phase coherembadual

MWNTSs can be closely packed into bundles. The bulk samples, or mats aeeahentan-
gled bundles that are contacted with each other and oriented randomlyulkheamples
should also behave like granular superconductors.

R (Q)

| Barrier resistance
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Figure 8. The temperature dependence of the resistance for a MWNT heatlafa are the
same as those in Ref. [8] but less data points are plotted for charity. Jistarece between
300 K and 450 K can be excellently described by &¥i8—7"/618.3) €2, which represents
the intertube barrier resistance [33]. The average diameter of the tudleslis 10 nm.

Figure 8 shows the temperature dependence of the resistance for a MvENTIt is
interesting that the resistance decreases monotonically with increasing atunedrelow
about 570 K. Above 570 K, the resistance tends to turn up. The resstatween 300 K
and 450 K can be excellently described by %3 —7'/618.3) Q2. This temperature de-
pendence is expected for an intertube barrier resistance [33]. This gipdiethe on-tube
resistance between 300 K and 450 K is negligible, in agreement with sévéeplendent
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experiments which consistently show a negligible on-tube resistance attemoperature
in many individual MWNTSs [35, 36, 37, 38]. The observed finite and/\@nall on-tube
resistances in the individual MWNTSs [37] are consistent with quasi-Xddnrtemperature
superconductivity with finite quantum phase slips.
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[ MWNT mat
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Figure 9. The on-tube resistance by subtracting the barrier resistamodlfe total resis-
tance of the MWNT mat. The solid line is the fitted curve by Eq. 10 by excludinglate
points between 450 K and 600 K. The fitting parametersjarel1.34 andl= 669 K.

If we assume that this temperature dependence for the intertube basigamnee re-
mains valid up to 750 K, we then obtain the on-tube resistance by subtractifgter
resistance from the total resistance. The resultant on-tube resistloeeds5 K is shown
in Fig. 9. The solid line is the fitted curve by Eq. 10 by excluding the data poeitsden
450 K and 600 K. The shoulder feature between 450 K and 600 K mayuseddy quan-
tum phase slips. The fitting parameters dre 11.34 andl*= 669 K. Using the empirical
relation7)r = 0.897y, we obtainT,y = 752 K.

It is interesting that the value of = 11.34 for this MWNT mat is slightly smaller
than that (11.71) for the 12-nm MWNT. This implies that, on average, the notaber
of transverse channels for each superconducting bundle (which omgiic one or more
individual MWNTSs nearT,) is comparable with that for the single 12-nm MWNT. As
discussed in section 7., the Josephson coupling among individual MWBS sidt been
established nedf,, so most of the superconducting bundles actually consist of only single
MWNT. Only for those small-diameter MWNTSs, the Josephson coupling amaag th
established nedf,, such that several individual tubes are formed into a superconducting
bundle. Therefore, the average number of conduction channelsgiéskould be about 3
for the mat sample, similar to that for the single 12-nm MWNT.

In Fig. 10, we plot the normalized on-tube resistance vefBli&,, for the 12-nm
MWNT (7o = 262 K) and for the MWNT mat©T., = 752 K). It is remarkable that the
on-tube resistive transitions for the two systems are nearly identical alihivey have
different T.o's and the electrical measurements were done by independent grobss. T
agreement also suggests that both sets of data are reliable and thatcégupeao extract
the on-tube resistance for the MWNT mat is justified.
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Figure 10. The normalized on-tube resistance vet3(&,, for the 12-nm MWNT ([ =
262 K) and for the MWNT matZ;, = 752 K). The on-tube resistive transitions for the two
systems are nearly identical although they have diffefgyis.

3. Magnetic Propertiesof MWNTSs

From the quantitative analyses of the electrical transport data in se@&shain nanotubes,
we can clearly see that the superconducting transition temperaturesrgainova 0.4 K
to 750 K for different samples. We believe that thg variation may be associated with
the differences in the doping level, the chirality and diameter of tubes, teersog of the
long-range Coulomb interaction, and in disorders (see section 7. beétoafder to unam-
biguously show that high-temperature superconductivity in carbontabes is real, one
needs to provide magnetic evidence such as the existence of the MeiéscietH&owever,
the Meissner effect may be less visible because the diameters of the tubdm nmaych
smaller than the magnetic penetration depth. Further, the orbital diamagnegpshtity
in the magnetic field perpendicular to the graphite sheet is large, making ititifficsep-
arate the Meissner effect from the large orbital diamagnetic susceptibititjurkately, the
orbital diamagnetic susceptibility of carbon nanotubes in the magnetic fiellgbdoathe
tube axis is predicted to be very small at room temperature [40]. This majpessible to
extract the Meissner effect from the measured susceptibility in the pdialtél

Figure 11 shows the temperature dependence of the susceptibility facghysepa-
rated and aligned MWNTSs in a magnetic field parallel to the tube axis. The disodtiie
tubes are 145 nm, and the lengths are on the order qfrih. It is apparent that the diamag-
netic susceptibility is significant up to 265 K. Because the orbital diamagnetieptibility
in the parallel field is negligible at room temperature [40], the observed diagtia suscep-
tibility at 265 K should mainly contribute from the Meissner effect due to stgraductivity.
Thus, the Meissner effect at 265 K is abeul.8 x 10~° emu/g, which is significant. This
result clearly indicates that the superconducting transition temperatunédshe higher
than 300 K.

For superconducting tubes of radiug the magnetic field parallel to the tube axis, the
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Figure 11. The temperature dependence of the susceptibility for physsegirated and
aligned MWNTSs in a magnetic field parallel to the tube axis. The data are extrizota
Ref. [39].

diamagnetic susceptibility due to the Meissner effect is given by
72

C32m\3(T) (17

X[ (T) =

Herer? is the average value of, and\y(7) is the penetration depth when carriers move
along the circumferential direction. The above equation is valid only (i) is larger than
the maximum radius of tubes, which should be the case for carbon nasotpel 7 indi-
cates that the Meissner effect is inversely proportiondl/ty?(7"). Assuming an isotropic
gap and takingo = 752 K, we find that /A\%(T") and thusxﬁ(T) are nearly independent of

temperature below 265 K. Then we h@yﬁ%(o) =X (265 K)~ —0.8 x 10~ emu/g. If we

assume that the radii of tubes are equally distributed from 0 toX10 find7 = 50A and
r? = 3333A2. With the weight density of 2.17 g/ch(Ref. [41]) andy}’(0) = —0.8 x 10~°
emu/g, we calculatey(0) ~ 1380A. This value of the penetration depth corresponds to
n/mj = 1.48 x 102! /cmPm,, wheren is the carrier densityy; is the effective mass of
carriers along the circumferential direction. If we takg = 0.012m,, typical for graphites
[42], we estimate, = 1.78< 10" /cm?, in good agreement with the Hall effect measurement
[33] which givesn = 1.6x10'Y /cm?. It is worthy of noting that the Hall coefficient in the
physically separated MWNTSs does not go to zero belgw This is because the on-tube
resistance does not exactly go to zero due to quantum phase slips andéd#te magnetic
field is almost penetrated into the whole volume of the tubes.

From Eq. 17, we can see thgf(T) will increase linearly with increasing? or cross-

sectional area. For Josephson coupled MWNT bundles in unprabesgs, the effective?
is larger than that for physically separated tubes. As the temperatueadesy the Joseph-
son coupling strength increases so that the effectiend thusxf(T) also increase. This
can naturally explain why the diamagnetic susceptibility for physically couplgd\\ls
is larger than that for physically separated MWNTs and why the enhamtemthe dia-
magnetic susceptibility increases significantly with decreasing temperatur&i(sekl).
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Figure 12. The temperature dependence of the angle-averagegtgibtyefor physically
separated MWNTs (open squares) and for physically coupled MWNT{soétl circles).
The physically coupled mat sample is not processed so that the tubes sely gacked
into bundles. The data are extracted from Ref. [39].

At the lowest temperature, the enhancement factor is about 4.3. Withpetcsunductiv-
ity in these MWNTS, it is very difficult to account for such a large enhameet in the
diamagnetic susceptibility upon bundling of the tubes.

4. Raman Spectroscopic Evidence for Superconductivity
at 665 K

It is known that Raman scattering has provided essential information #t@edectron-
phonon coupling and the electronic pair excitation energy in the higbuprate super-
conductors [43, 44, 45]. The anomalous temperature-dependextdming of the Raman
active By ,-like mode of 90 K superconductors REa307_, (R is a rare-earth element)
allows one to precisely determine the superconducting gap [44]. Theymoed softening
observed only for thé3;, mode is due to the fact that the phonon energy offfhgmode
is very close to A (0) and the mode is strongly coupled to electrons [44, 46, 47].

The temperature dependence of the frequency for the Raman-a&tjvanode of an
optimally doped YBaCu;O7_,, is shown in Fig. 13a. It is apparent that the frequency de-
creases linearly with increasing temperature abbbBvand that the mode starts to soften
below about 0.95.. The temperature dependence of the frequency alipve caused
by thermal expansion. The temperature dependence of the frequéhbgeome more
pronounced at higher temperatures because the magnitude of the-slbpe /dT is es-
sentially proportional to the lattice heat capacity that increases monotonigtdl{empera-
ture. The significant softening of the mode belbwoccurs only if the energy of the Raman
mode is very close to2(0) and the electron-phonon coupling is substantial [46, 47], as it
is the case in the optimally doped YB2u3O7_,, [43, 44, 45]. In order to see more clearly
the softening of the mode, we show in Fig. 13b the difference of the mehfeuency
and the linearly fitted curve abov&. It is clear that the softening starts at about 892K
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Figure 13. a) The temperature dependence of the frequency for tinarRactive5;,
mode of an optimally doped YB&wO;_,. The data are extracted from Ref. [43]. b) The
difference between the measured frequency and the linearly fitted @boveT ..

0.98[.

Figure 14a shows the temperature dependence of the frequency feathan active
graphitic mode of a SWNT mat. It is striking that the frequency data show a tdea
dency of softening below about 630 K. Above 630 K, the frequencyeadeses linearly with
increasing temperature with a slope much larger than that in,€B#0;_,. This is due
to a much larger thermal expansion at such high temperatures in SWNT ss|ofteewill
decrease with decreasing temperature and eventually level off at lowrtatomes. The lev-
eling off between 450-630 K must be due to the competition between the madieniay
due to the normal thermal effect and the mode softening due to a transitiorctoetfye/spin
density wave state or to the superconducting state. The transition to the/spanglensity
wave state will lead to a metal-insulator transition upon cooling, in contrast toathggort
data in Fig. 7 which is only consistent with the superconducting transition.

In order to see more clearly the softening of the mode, we show in Fig. 14liftee
ence between the measured frequency and the linearly fitted curve thleodaek temper-
ature 630 K). One can see that the result shown in Fig. 14b is similar to that shown in
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Figure 14. a) The temperature dependence of the frequency for tharRactive graphitic
mode of a SWNT mat with 0% Ni/Co catalyst. The data are from Ref. [48]. b) The dif-
ference of the measured frequency and the linearly fitted curve abek@thtemperatures
(see text).

Fig. 13b. This suggests that the softening of the Raman active graphiticimib@eSWNTs
may have the same microscopic origin as the softening of the Raman &gtjveode in
YBa,CwO7_,. This explanation is plausible only if the phonon energy of the graphitic
mode is very close to2(0). We are fortunate that the phonon energy of the graphitic
mode is 197 meV, very close taM0) ~ 200 meV expected for &, in the range of 600-
700 K. If Ty is away from this range, the phonon self-energy effect will disapp&ais

can explain why this effect is not visible for another SWNT mat witH/118i/Co catalyst,

as shown in Fig. 15. Itis likely that th&., of this sample is suppressed to a much lower
value by the magnetic impurities.

From Fig. 14, we can clearly see that the softening starts at about 6B8iKg the
fact that the softening starts at 08% (Ref. [46]), we can assign the mean-field transition
temperaturd .y = 665 K. Itis interesting to note that there is a clear minimuffat 370 K
= 0.57T in Fig. 14b. Such a minimum is also seen at abouf.&n a calculated curve
for a superconductor (see Fig. 8 of Ref. [46] ). This shallow minimum irirdguency shift
is related to a sharp minimum in the real part of the polarizali¢n, 7"), which occurs at
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Figure 15. The temperature dependence of the frequency for the Raaties graphitic
mode of a SWNT mat with 1% Ni/Co catalyst. The data are from Ref. [48]. The phonon
self-energy effect is not visible in this sample becauselieof the sample might be far
away from the range of 600-700 K, which is optimal for the observatiothefphonon
self-energy effect.

hwl2A(T™*) = 1 for weak coupling [46, 47]. From the temperature dependence &@s
gap [17], we find that\ (T*) = A(0.57T,) = 0.93A(0). With hw/2A(T™) = 1 andhw = 197
meV, we finally obtaimA(0) = 106 meV. Then we calculateN0) /kpT.o = 3.7, whichis in
excellent agreement with the prediction based on the plasmon-mediated pa&chgnism
[4]. Itis worth noting thatA (0) would be much larger if the magnetic impurities would not
suppress superconductivity.

We can evaluate the electron-phonon coupling constant for the Rartea-graphitic
phonon mode\Y using a relation [44]:Aw/w = 0.5\9RelI/N(0). In the weak-coupling
limit, the value of R&I/N(0) at zero temperature is calculated to-b@.0 using Eq. 16 of
Ref. [47] andhw/2A(0) = 0.93. Strong coupling and impurity scattering tend to reduce the
magnitude of REH/N(0) [46, 47]. Becausé\w/w is nearly independent of temperature
below 0.49°, [46], we take the value o\w/w at zero temperature to be the same as that
(—0.378%) at room temperature. Then we obtaifi = 0.0011 using the relationAw/w
= 0.5\M9R€l/N(0). The value ofAY = 0.0011 may be slightly underestimated since the
coupling to bosonic modes is not in the weak limit\@) / k7o = 3.7).

Recently, Lazzed al. [49] have used accurate density functional theory (DFT) to
compute with high accuracy the electron-phonon coupling for optical @ieim (6, 6) and
(11, 11) armchair SWNTs. From their results, we can readily evaluatddbtan-phonon
coupling constank? for the Raman-active graphitic mode in metallic-chirality SWNTs with
different diameters. Fad = 1.4 nm, we find thaf? = 0.0014, in quantitative agreement
with that (0.0011) deduced from the superconductivity induced pheatirenergy effect.
Such quantitative agreement justifies the above data analyses thattsugigesrconducting
transition at about 665 K in the SWNT mat sample.
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5. Tunneling Spectra

One of the important signatures for superconductivity is the existence airtle-particle
excitation gap. From a single-particle tunneling spectrum obtained throughhigh-
resistance contacts (see Fig. 1b of Ref. [50]), we can clearly semud@gap feature which
appears at an energy of about 220 meV. The pseudo-gap featudebeorelated to the su-
perconducting gap. Considering the broadening of the gap featureodame quantum
phase slips and the double tunneling junctions in series, we estimate thecsuhating
gap A(0) to be about 100 meV. The scanning tunneling microscopy [51] on individua
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Figure 16. The tunneling spectrum for an “insulating” MWNT witk 30 nm. The figure is
reproduced from Ref. [52]. The energy scale has been redycaddgetor of two compared
with the original spectrum for double junctions [52].

single-walled nanotubes also show pseudo-gap features/with > 100 meV in doped
metallic SWNTs (the Fermi level'r is about 0.2 eV below the charge neutrality point).
From the Raman data for a SWNT mat, we have quantitatively dedts¢eg= 106 meV
from the phonon self-energy effect. These data consistently sutpgeshe magnitude of
A(0) can be larger than 100 meV in SWNTSs.

For MWNTSs, the electrical transport data indicate superconductivitybatta750
K. This implies that the magnitude aA(0) should be about 120 meV according to
2A(0)/kpT.o = 3.7. The expected single-particle excitation gap has been seen in the tun-
neling spectrum for an “insulating” MWNT with = 30 nm, which is shown in Fig. 16. In
the figure, the energy scale has been reduced by a factor of two cesngih the original
spectrum for double junctions. This spectrum would imply a semiconductipgigabout
200 meV if the outermost shell had a semiconducting chirality. Howeverrdiogpto a
formula Ey = 2ac_cv./d (Ref. [20]), the predicted semiconducting gap for a semi-
conducting chirality tube witld = 30 nm should be about 22 meV, which is about one order
of magnitude smaller than the observed value for the “insulating” tube. tntfectunnel-
ing spectrum for another “conducting” tube with the same diameter [52] isist@mt with
E, ~ 20 meV (see Fig. 17), suggesting that the “conducting” tube has a semictorgl
chirality.

In order to consistently explain the tunneling spectra, we must assume thaighe
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Figure 17. The tunneling spectrum for a “conducting” MWNT witkr 30 nm. The figure
is reproduced from Ref. [52]. The magnitude of the gap is consistentvggmiconducting
chirality tube.

lating” tube has a metallic chirality and that the gap is related to either the supentomy
state or the insulating CDW state. If the gap is related to the insulating groundmtate
should be able to observe a rectification effect in a heterojunction betwiséimsulating”
MWNT and another “conducting” MWNT. Indeed, the rectification effisabbserved [52]
below about 192 K. However, the rectification effect disappearsdbaje 192 K, which
cannot be explained if the metallic-chirality tube remains insulating. Ther#iere must
be a transition from the superconducting to the insulating state BElpw- 192 K. A sim-
ilar transition at about 200 K has been seen in an 18-nm MWNT [27] @&@s 2.). Such
a transition can occur in dirty quasi-1D systems [30] where the Cooper getilocalized
belowT;,.. Itis clear that the single-particle gap remains essentially unchangessdgyo
Therefore, the superconducting gap would be about 125 meV if this/BMWNT were
clean enough to avoid the Anderson localization.

The single-particle tunneling spectrum for another MWNT with 17 nm is displayed
in Fig. 18. It is apparent that both the intensity and the peak position in thidrapeis
inconsistent with the normal-state density of states for any types of metallaithiubes
[53, 54]. On the other hand, this spectrum is very similar to the one for ersopductor
with a superconducting gap of about 54.4 meV.

We can quantitatively explain this spectrum by invoking superconductiVite peak
positions denoted by 1, 2, 3, 4, 5 are locatedat 117 mV,—54.4 mV, 54.4 mV, 76.5 mV,
and~120 mV, respectively. BeloWy,, the Van Hove singularities are locatedegaty =
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Figure 18. Single-particle tunneling spectrum for a single MWNT wlith 17 nm, which
is reproduced from Ref. [21].

+/[A(0)]2 + (Evg — Er)2. Here the sign in the prefactor of the square root is the same
as the sign oft’y ;7 — Er. In order to get a consistent explanation to the spectrum, we
assume that the tube is hole doped (if&-, < 0) and that the positive voltage corresponds
to the negative electron energy.

Itis interesting that peak 2 is broader than peak 3. This indicates thameakesponds
to two overlapped peaks: one is a superconducting quasi-particle péanather is a Van
Hove singularity located slightly above the Fermi level. Peak 3 correspmndaother
superconducting quasiparticle peak. From the positions of peak 2,d34,ame deduce
that A(0) = 54.4 meV,Ey 1 = £54.4 meV,Ey o = £108.5 meV~ 2Ey i, andEr =
—55.0 meV. The positions of Van Hove singularities agree with the theoretiedlgion
for an armchair tube [20]. With the values 8% 1, Eyv g2 andA(0), we can predict the
other peak positions. For example, we predict= —121.6 mV andi; = +121.6 mV, in
excellent agreement with the measured results. Ugipg; = 54.4 meV,d = 17 nm, and
the relationEy 1 = 3ac—cv./d (Ref. [20]), we find thaty, = 2.2 eV, in quantitative
agreement with another independent measurement [55]. It is remarkabtbehvalue of
v, = 2.2 eV also agrees quantitatively with those deduced from the resistigitioas for
both SWNT bundle and individual MWNT (see section 2.).

Since the Fermi level is right on the first Van Hove singularity in this MWNT,lénge
enhancement in the density of states due to the Van Hove singularity leadsge mtaease
in the condensation energy, and thus a large suppression of quanase gips [10]. The
observed sharp quasiparticle peak at the gap edge should be relaibdtensially reduced
guantum phase slips. The much lower gap in the outermost layer of this MWtllieiso
the fact that electron-plasmon coupling is significantly reduced when ttemdesubband
is crossed [4].
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6. Negligibleon-Tube Resistancesin MWNTSs

In order to confirm superconductivity at room temperature in a 3D butkpéa, one needs
to show zero on-tube resistance at room temperature. However, tiubemesistance for
a quasi-1D superconducting tube with a finite number of transverse elsawill never
go to zero at finite temperatures due to quantum phase slips [16]. Thianesisit room
temperature should be negligibly small M., is not too small. Indeed, negligible on-
tube resistances have been observed in a multi-walled nanotube bunsligtiognof two
MWNTSs with a diameter/ = 16 nm (Ref. [35]), in an individual MWNT withl = 40 nm
(Ref. [36]), in over 50 individual MWNTSs [37], as well as in a singleiled nanotube
bundle consisting of two SWNTs witti = 1.4 nm (Ref. [56]). These electrical transport
data are either consistent with ballistic transport or superconductivipoat temperature.

In order to distinguish between ballistic transport and superconductivityoan tem-
perature, it is essential to reliably estimate the lower limit of the room-temperaisistiv-
ity due to inelastic scattering. If we consider inelastic scattering only by thervade, the
calculated on-tube resistance per unit length per shell is the lower limit. If thigr lbmit
is far larger than the measured values, the ballistic transport mechanisied®u.

The on-tube resistance per unit length due to the scattering by the twist rasdeén
deduced for armchair tubes (n, n) [57]. For a Luttinger paramitexK 1, the on-tube
resistance per unit length is given by [57]

R ~(K.)A?

RueL: Y~
tube 2 ahvpCh

(makpT/hwp) 1 HHE)/2] (18)
whereA = nx2.92 e\A, C; =n?x18 eVA, a = 2.46A, and
v(K,) = 4n 2 (K ) 2 sinfr(1 + K,) /4] / dzz/[sinh(z)]C+HK)/2, (19)
0

One can easily show that(1) = 2/r andv(0.2) = 0.125. Using the relatiod =
(v/3/7)an andhvy = 5.3 e\A, and from Eg. 18, we calculat®;,;. /L at room temperature
as a function ofi for K. =1 and 0.2. The result is shown in Fig. 19. We can see that for
= 20 nm, the on-tube resistance per unit length at room temperature woatddsest 275
Q/um if the tube were not superconducting. Other inelastic scattering will fuiticeesase
the resistivity. For example, the phonon energy of the breathing mode f@Otnen tube
is only 1.4 meV and this mode is strongly coupled to electrons [58]. Such asaoli¢ will
produce a large inelastic scattering at room temperature.

Poncharalet al. [37] have made extensive transport studies on over 50 individual
MWNTs with diameters ranging from 5 to 25 nm. These MWNTSs, which protifucie
unprocessed arc produced nanotube fibers and are contacted withnhiest$, show very
small per unit length resistances at room temperatég;./L = 314+61 /um. For ex-
ample,Ryype /L = 14 Q/um for a MWNT with d ~ 20 nm. Since the tunneling resistance
is close toR( and the electrical contacts are nearly ideal, the current would only flow the
outermost shell if the MWNT were not a superconductor. This implies thatahe=\of
Ryupe/ L for the outermost shelkd(~ 20 nm) would be about 12/m, which is over one
order of magnitude smaller than the lower limit (225:m) expected from the ballistic
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Figure 19. The calculated lower limit of the room-temperature on-tube reséstaaT unit
length R,/ L as a function of the tube diametéifor the Luttinger parametek’. = 1.0
and 0.2. The lower limit is set by the resistivity contributed only from the séagef a
twist mode.

transport mechanism. Therefore, the ballistic transport mechanismtoexmwiain such a
small on-tube resistance at room temperature.

Using the averag®;,;./L = 31Q/um and the averagé = 15 nm, and assuming that
the current flows through all the shells, we estimate the room-temperatistvigsto be
5.5x 1077 Qcm. The resistivity is about 3 orders of magnitude smaller than the normal-
state resistivity in the SWNT mat and the single MWNT (see section 2.). Thesvaajl
but non-zero resistivity is consistent with the existence of quantum gfipselue to a finite
number of transverse channels. The quantum-phase slip theory [16ari@lso account
for semiconductor-like temperature dependence of the resistance lmeowtemperature
in some MWNTSs that are lithographically contacted [21]. The lithographicalhytacted
MWNTSs may contain high density of defects or imperfections which are intredlthrough
purification and other processing steps [37]. Defects and disordbesiee quantum-phase
slips and localization of Cooper pairs, which would lead to a large on-tidistaace and a
semiconductor-like temperature dependence of the resistance wellBigl@Ref. [16, 10]).

The other important issue to be addressed is why the the tunneling resistatuse to
R rather thanRq /2 for the ideal electrical contacts to the outermost shell [35]. A possible
explanation is that the metal electrode drives the contact region of thenmseshell to
the normal state through the proximity effect, which can destroy the Jasegiosipling
between the outermost shell and the inner shells in the contact region. SBebaustrong
coupling between the liquid metal and the outermost shell, the bandmwitiaracter is
pushed down below the Fermi level, and thus only one channebkwitharacter contributes
to electrical transport [59].
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7. Microscopic Pairing M echanism

It has been shown that the low energy physics of an individual metallitesimglled carbon
nanotube is equivalent to a ladder system [60] and can be describedttyger liquid
with an effective interaction parametéf.. For unscreened Coulomb interactiods, is
calculated to be about 0.2 in the absence of electron-phonon interadiibpns On the
other hand, if electron-phonon interactions are strong and the Coulombdtitas are
effectively screened offi{. will become larger than 1. Recent theoretical calculation [58]
indicates that the strong electron-phonon interaction with the long-wawethiing mode
produces a large attractive interaction, which leads to the following formula

AV — (20)
whereK is the unrenormalized parameter in the absence of the electron-phonawtiier
with the breathing mode ands = 2.4+0.9 A. If the Coulomb interaction is completely
screened off by external gate electrodes, we Hafe~ 1. If we taker = 7 A, K° =1, and
rp =2.4A, we find K. =1.23.

The value ofK, can be determined from the measured temperature dependence of the
on-tube resistanc®;,;.(7) on the basis of the theoretical prediction Bf,;.(7") for a
ladder system [30]. The theory [30] predicts tHt,.(T) o< T2%<=2. So the two-probe
resistance is given by

R(T) = R, + CT*72, (21)

In Fig. 20, we show the temperature dependences of the resistance gatevoltage
for two metallic-chirality SWNTs withi = 1.5 nm and 1.7 nm, respectively. The contacts to
the nanotubes are nearly ideal with the transmission probability close to J¢Reg$3]). In
this case, the two-probe resistance approaches 64&ke on-tube resistance approaches
zero. It is remarkable that the temperature dependence of the resisembe well fit
by Eq. 21 withK,. = 1.86+0.12 ford = 1.5 nm andK, = 1.74+:0.06 ford = 1.7 nm.
The large K. values for these individual SWNTs suggest that the long-range Coulomb
interaction is effectively screened off by the external gate electrddeseover, sincds<, >
1.5, the on-tube resistance is predicted to be zero at zeo temperatyia [R]d agreement
with experiment [62, 63]. Using Eq. 20 and the measuk&dvalues, we can deduce;
= 5.5+0.2 A if we take K¢ =1, which is significantly larger than that (2,.5@ estimated
theoretically [58].

In order to resolve this discrepancy, we should also consider the elgui@non in-
teractions with other phonon modes (e.g., short-wave acoustic and optics)rarttk the
coupling with electronic excitations such as acoustic plasmons [4, 64].eTdagitional
interactions will renormalizéS? such that the quantity’s in Eq. 20 may be replaced by
the renormalized<?, that is,

K. = K:C . (22)
1— (Kg)*rp/r

If we substituterg = 2.4 A, and the measured.. values into Eqg. 22, we obtaif(2
= 1.28 in both cases. Using this parameter, we can estifdate be 1.40 and 1.33 for a
single-walled tube withr = 25 A and 50A, respectively.
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Figure 20. The temperature dependences of the resistance at zenoigadge for two
SWNTs with L = 200 and 4000 nm. The data are extracted from Refs. {2, 6

When individual single-walled nanotubes are closely packed into crystailindles, or
formed into a multi-walled nanotube, the long-range Coulomb interaction couktloeed
by two orders of magnitude [65] depending on the number of tubes conptiserbundles
[66]. This implies that the long-range Coulomb interaction in the bulk mat samatebe
effectively screened off. Because the short-range ontsitereduced by a factor of 10 for
an armchair tube witll = 1.4 nm, and the reduction factor is proportionatit@Ref. [60]),
the effective on-sitd/ becomes very small for a tube with> 1 nm. Therefore K¢
in SWNT mat samples should be close to 1. Moreover, since the intertubé&ngpujll
increasek, further [58], we expect thak'. should be about 2 in SWNT mats. For MWNTS,
intershell coupling will significantly increase the pairing interaction [5], sodherages.
in a MWNT with an average shell radius of Z6should be much larger than 1.4. For the
outermost shell with > 50A, we may expect 1.3 K, < 1.5. If K. < 1.5 and disorder is
significant, the outermost shell will become insulating at low temperatures [30]

Although the strong electron-phonon coupling produces a large atednt®raction,
this coupling alone cannot lead to superconductivity above room tempetatcause of
low density of states and low bosonic energies. We believe that electremfacoupling
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along with strong electron-phonon coupling should be responsible foxteimperature
superconductivity [4, 64]. A SWNT bundle or an individual MWNT is a@lent to a
multimode wire. Because the Fermi velocities of the acoustic plasmons in neiiggpbor
tubes/shells are comparable, the attractive interaction mediated by undaropetiaplas-
mons in the adjacent tubes/shells should be much stronger than that mediatesalibtic
phonons [64]. A similar idea has been proposed to explain high-tempersiipercon-
ductivity in layered cuprates [5]. Within this scenario, high-temperatupemwnductivity
can occur in a multi-layer electronic system due to an attraction of chargersan the
same conducting layer via exchange of virtual plasmons in neighboringsiggle Multi-
walled carbon nanotubes and SWNT crystalline bundles are ideal cteslfdarealization
of plasmon-mediated high-temperature superconductivity.

The most favorable conditions for superconductivity are that all thevinhgal tubes
comprising MWNTs or SWNT bundles must have metallic chiralities and the chiralities
of the adjacent tubes are different. In this situation, the single-particlpihgpetween
neighboring tubes is strongly suppressed [65]. The suppressior sfrthle-particle hop-
ping stems from the obstruction to having precise momentum conservation ioppag
between the misaligned lattices of the nanotubes. This ensures that thepsirgike elec-
tronic state in individual tubes remains one-dimensional nature such thadtacplasmon
modes remain undamped. This also suppresses any long-range spange ctdering be-
cause the spin or charge correlation remains one dimensional. On the attakeitihe tun-
neling of Cooper pairs, which is proportional to the square of transuysopping integral
tr, turns out to be significant. Because Cooper pairs are formed at zateromentum,
they do not find an obstacle in the tunneling processes from the misaligniniet ivan-
otube lattices. For this reason, one has to takethealue to be the same as that for the
case of the perfect alignment [65], that#s,~ 10 meV for a crystalline bundle composed
of 1.4-nm SWNTSs [67]. For a bundle consisting of 10 nm SWNFds reduced by a factor
of /10/1.4 = 2.67 (Ref. [67]), that ity ~ 3.78 meV. For MWNTs¢r should be similar
to that for graphites, i.ety ~ 100 meV (Ref. [67]).

Now a question arises: Is the Josephson coupling among the individesl itula bun-
dle or a MWNT strong enough to sustain phase-coherent superdasityuabove room
temperature? In order to answer this question, one needs to considehavacteristic
temperatures, one i§; below which the phase coherence among the tubes takes place, and
another isT,y below which single-particle density of states starts to suppress due to the
superconducting correlation in individual tubesTlf > T, the superconducting transition
occurs belowly. Otherwise, ifT’; < T, the superconducting transition occurs belby
We will show that thél'; values calculated from realistic parameters are significantly higher
than 700 K in both SWNT bundles and MWNTSs.

The analytical expression fat; has been derived within the random-phase- approxima-
tion (RPA) [68]. Since the RPA underestimates [68]by about 20, we need to multiply
the RPA formula by a factor of 1.2 to get a more accurate estiméig.of he modified!’s
formula is then given by [68]

T, — 1.2A(0) . 22J _nw5F2(5/2)F2(1 — 5)]1/(2—26)

o A T2(1—0/2) ’ (23)

wherez is the number of nearest neighbor tubés, 1/(2K.), A(0) is the single-particle
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Figure 21. The calculatefl; as a function ofi{. for SWNT bundles with = 1 and 6. In
the calculation, the following parameters are usAd0)/kp = 1200 K,t7 = 10 mV, and
W =10 eV. The value of; = 10 meV is suitable for a bundle consisting of SWNTs with
d = 1.4 nm [65, 67].z = 1 should correspond to the SWNT mat wifly, = 710 K (see
section 2.).

excitation gap (pairing gap), and is the intertube Josephson coupling energy which is
given by [68]
A0)\1/k,—1 tT

w ) A(0)’ (24)
whereW is the order of the original bandwidth. For the SWNT mat with = 710 K, we
have shown that, on average, only two superconducting tubes aredfartoex bundle, that
is, only one of the six nearest neighbor tubes contribute to the Joseptigpimg.J. Thus,
we can take: = 1 for this special case. From the Raman data, we have foundtioaf %z
= 1200 K.

Fig. 21 shows the calculatéfi; as a function ofK,. for SWNT bundles withz = 1
and 6. In the calculation we have taken the following parametar®))/kz = 1200 K,
tr =10 mV, andi¥ = 10 eV. It is apparent that in order to ha¥g > T, = 710 K for
z =1, one need#’. > 1.66. As we discussed abovkE, can be larger than 2 for SWNT
mats if the long-range Coulomb interaction can be effectively screened'bié implies
that the Josephson coupling is strong enough to sustain supercoitgumiow 710 K. If
all the tubes have metallic chiralities and over a hundred tubes are formed hatadée,
quasi-3D superconductivity can be realized well above room temperdtuorder to have
truly macroscopic superconductivity above room-temperature, ons ogedone thousand
tubes to comprise a bundle.

For individual MWNTSs,t7 ~ 100 meV if all the shells are superconducting. Even if
one third of shells are superconductirig, should be larger than 10 meV. In Fig. 22, we
show the calculated’; as a function ofi{. with t7 = 10 meV and 100 meV, respectively.
In the calculation we have taken the following parameté&f)) /kp = 1400 K,z = 2, and
W =10 eV. For MWNTsz = 2 andA(0)/kp ~ 1400 K (see section 5.). We can see that,
in the case oty = 10 meV,T; > T,o = 750 K for K. > 1.43. Since the averagg, in

J~(
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Figure 22. The calculatefi; as a function of,. for individual MWNTSs witht = 10 meV
and 100 meV. In the calculation, the following parameters are u&¢d)/kp = 1400 K, z
=2,andiW =10 eV.

MWNTSs with d =10 nm is at least 1.4, the Josephson coupling is strong enough to sustain
superconductivity below 750 K. If all the shells have metallic chiralities aret 6@ shells
are formed into a MWNT, quasi-3D superconductivity can be realized almve room
temperature.

For a bundle composed of individual MWNTs with outer diameter of 10 nm,dkeph-
son coupling temperatufg; can be calculated withy = 3.78 meV (see the above discus-
sion). In Fig. 23, we show the calculatéy as a function of. with z = 2 and 6. Because
K for the outermost shell should be below 1.5, as discussed abpvepelow 500 K even
for z = 6. This implies that the Josephson coupling among the individual MWNTadtas
been established nedl, = 750 K. In order to have truly macroscopic superconductivity
above room temperature, one needs to bundle the individual MWNTghBwuter diam-
eters of these tubes should not exceed a critical value, which is abouh Hecording to
the result in Fig. 23.

Now let’s explain why thel,y’s in some single-walled nanotube bundles are below 1
K (Ref. [22]). If we check the measured temperature dependence obifmal-state resis-
tance, we find that these bundles behave like semiconductors in the ntateallsssuming
that the normal-state resistances of these samples follow Eq. 21, we cantestied,
values from the measured resistances at 1 K and 300 K. We alftatn0.93 for a SWNT
bundle (Pt2) withl, = 0.44 K, andK, ~ 0.98 for another SWNT bundle (Pt1) wiify, =
0.15 K. The values of.. indicate that the effective interactions in both bundles are repul-
sive, leading to d-wave superconductivity [30]. BecauseRhealues are very close to 1,
the pairing interaction is weak, leading to |G, superconductivity. Since thi&, value for
sample Ptl is closer to 1 than for sample Pt2, one expects that the repusizetiatein the
former sample is weaker than the latter sample. This can qualitatively explaithey,
for sample Pt1 is significantly lower than for sample Pt2. Further, disordeeffégttively
suppresqd ., for d-wave superconductivity [30]. Because the mean free pathnopleaPt2
is one order of magnitude smaller than that of sample Pt1l theuppression in the former
sample is much stronger than in the latter one. Thus7ihalifference between samples
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Figure 23. The calculated; as a function ofi(. for a bundle withz = 2 and 6. In the
calculation, the following parameters are us&d0)/kp = 1200 K,t7 = 3.78 meV, andV’

= 10 eV. The value of; = 3.78 meV is suitable for a bundle composed of tubes with an
outer diameter of 10 nm.

Ptl and Pt2 would even be much greater if the two samples could have similatedisor

The other important question to be addressed is why these SWNT bundéek heal-
ues close to 1. One possibility is that the long-range Coulomb interaction iffectieely
screened off for these free-standing samples. The other possibility théaermi levels of
these bundle samples are close to the charge neutrality point where thaveepmklapp
interaction cannot be fully ignored and the attractive interaction prodhgeskchanging
short-wave acoustic phonon modes is essentially zero [65, 69]. Inteetransport data
[62] show that as the Fermi level shifts away from the neutrality point,Ahdor indi-
vidual SWNTs can continuously change froni to >1. Therefore, to obtain a largg.
and high-temperature superconductivity, sufficient doping and teffescreening of the
long-range Coulomb interaction are essential. Without screening the dong-ICoulomb
interaction, high-temperature d-wave superconductivity would alsorattie materials
were extremely clean. In this case, the electron-phonon and electremguanteractions
behave like pair breakers. Moreover, impurities and disorders cadly basak pairs and
cause Anderson localization of the Cooper pairs [30].

8. Pairing Symmetry

The remaining issue to be clarified is the pairing symmetry. In highly orientealippgr
graphite (HOPG) samples, there appear to be an interplay betweensuhastivity and
ferromagnetism [70]. Such an interplay suggests that the pairing symméiQRG sam-
ples should be of-wave, similar to the case of SRuQ,. Considering the similarity be-
tween carbon nanotubes and HOPG, we may expect that the gap symmetrigan aan-
otubes should also hewave. An essential attribute for p-wave superconductivity is that
the spin susceptibility is the same in the superconducting and normal statespiffisels-
ceptibility for aligned and physically separated MWNTs has been derigad &lectron-
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Figure 24. Electron spin susceptibility for a physically separated MWNT figriydd from
electron-spin-resonance (ESR) signals. The data are extracte®R&bif89].

spin-resonance (ESR) signals. Fig. 24 shows the temperature daperafeéhe spin sus-
ceptibility for the MWNTS. The data are extracted from Ref. [39]. It is iegting that the
spin susceptibility is independent of temperature between 100 K and 20@I8wB.00
K, the spin susceptibility suddenly turns up and follows a Curie lawi (T') below 40 K.
Above 200 K, there appears to be a tendency of increase in the spiepsibdity. From
the magnitude of the spin susceptibility between 100 K and 200 K«(B00° emu/g), one
finds that the density of states at the Fermi ledgh) = 2.2x10~3 states/eV atom. The
observed finite density of states below 300 K may argue against the ingtiqneof super-
conductivity above room temperature in the case-ofave gap symmetry. Nevertheless,
the finite density of states is also consistent witlvave gap symmetry if some of the tubes
(e.g., semiconducting chirality tubes or shells) are nonsuperconducting.

In order for thes-wave interpretation to be plausible, the density of states in the nor-
mal state must be significantly larger than that in the superconducting state. tBe&nspin
susceptibility for the film sample was measured only up to room temperaturegiimala
state density of states was undetermined. However, if the doping level Gintheample
is similar to that for the MWNT mat sample with,y = 752 K, the normal-state density
of states in the film sample should be similar to that for the mat sample. Using the de-
ducedg value from the resistive transition, we have found that the average munfibe
transverse conduction channels per shell is about 3 for the suplertorg MWNTSs with
an average outer diameter of 10 nm (see section 2.). TH@) in the normal state is
1.5(2v/3/72)(1/70)(ac—_c/d) (Ref. [20]), whereac_ ¢ = 0.142 nm andy, = 2.4 eV. The
average diameter for all the shellshould be a half of the average outer diameter, that is,
d =5 nm. Substituting these numbers into the above formula yislfs) = 6.2 x 103
states/eV atom. It is clear that t#é(0) in the superconducting state is about one third of
that in the normal state, in agreement witivave gap symmetry.

The finite spin susceptibility in the superconducting state could be partly duste s
insufficiently doped semiconducting chirality shells which do not undergatipercon-
ducting transition. Especially for those semiconducting chirality shells in whielrérmi
level is in the vicinity of the first Van Hove singularity (near the semicondudeggedge),
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the contribution to the density of states is huge. If one of such shells in a M&/piEsent,
the density of states contributed from this shell should be comparable with @suned
value below 300 K. Moreover, since the Fermi level is also very close tatielity edge of
the semiconducting chirality shell, the charge localization at low temperatureyitabie.
This can naturally explain the upturn of the spin susceptibility below 100 K.

Because the ESR linewidth, which is proportional to the transport scatt@tiegalso
shows upturn below 100 K, there should be one type of carriers regperior the ESR
signals [39]. Since the localized carrier density [39] is only about@®/cm® while the
mobile carrier density [33] above 100 K is ovex 20'°/cm?, the majority of the mobile
carriers must be ESR-silent, that is, the majority of the mobile carriers aredboto spin
singlet pairs.

On the other hand, if there were only one-type of carriers (no supdumbivity inter-
pretation), the ESR and Hall effect would measure the same type of sarti¢his were
the case, the Hall coefficient would jump to a very large number below 40 étevall the
carriers are localized [39]. This is in contrast to the Hall coefficient efgame sample,
where no such a jump is seen below 40 K [33]. Moreover, the Fermi gnigérgwould
be equal tov/N(0) = 4.5 meV if there were only one-type of carriers. With such a small
Fermi energy, one would predict the magnitude of the orbital diamagnetiestisility in
the perpendicular field [40] to be at least 0> emu/g, which is significantly larger than
the measured one(0.7x10~° emu/qg) [39]. Therefore, there must be two types of carri-
ers; one type of carriers is ESR silent below 300 K due to formation of $pifie$ pairs
and the other is from nonsuperconducting tubes. A small increase inithsusiceptibility
above 200 K may be caused by the thermally excited quasiparticles. If thigrigtiagtion is
relevant, the minimum superconducting gap is approximately equal to 200 KA@QAGK,
in good agreement with the tunneling spectrum (see Fig. 16).

It is worth noting that the observation of the finite spin susceptibility in the sper
ducting state does not necessarily imply an unconventional pairing symnietgn for
conventional superconductors such as mercury and tin, the spirptibditg in the super-
conducting state is about two thirds of the value in the normal state [71, G2yaRadium
and aluminum, the spin susceptibility is nearly the same in the superconductingnal
states [72, 73].

9. Conclusion

It is well known that copper-based perovskite oxides rightly enjoy ensigs as high-
temperature superconductors on the basis of two signatures: the eeitisition and the
Meissner effect. Here we have provided evidence for room-temperstigrerconductivity
in carbon nanotubes. Although the superconducting transition temperatamevary from
0.44 K to 750 K, the resistive transitions in these superconducting cardoootubes are
in quantitative agreement with the Langer-Ambegaokar-McCumber-Halgfexory. The
guantitative agreement between the resistive transitions and well estdljisaetum the-
ory leaves little room for alternative explanations. Because of a finite nuaflb@nsverse
conduction channels of these carbon nanotubes, the four-prab&nes will never go to
zero in the superconducting state. This would lead to a false impression ¢isatttibes
are not superconducting. Nonetheless, the on-tube resistanceratenmperature has been
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found to be indistinguishable from zero for many individual multi-walled nabes. The
very small but finite room-temperature on-tube resistance is consistentweittiugn phase
slips due to the finite number of transverse channels. We have also ethsberMeiss-
ner effect in aligned and physically separated multi-walled nanotubes oo temper-
ature. The Meissner effect agrees quantitatively with the predicted miagmmetration
depth from the measured carrier density. Furthermore, the bundlingividndl MWNTs
into closely packed bundles leads to a large enhancement in the diamageedéptsaility,
which is the hallmark of the Josephson coupling among the tubes in bundigser-&Ra-
man data and tunneling spectra consistently show single particle excitationfjapger
than 100 meV. Therefore, these results consistently indicate quasi-Ibteroperature
superconductivity in carbon nanotubes.

For practical applications, zero on-tube resistance at room tempeisireired. Al-
though the room-temperature resistivity for individual MWNTS, prepénedrc discharge,
is significantly smaller than that for simple elemental metals, we can furtheresgtire
resistivity down to nearly zero by bundling these individual tubes into albgpty packed
bundle. But the outer diameters of the tubes should not exceed a critigalalaove which
the magnitude of is not large enough to sustain the Josephson coupling among the tubes
at room temperature. Sufficient doping, effective screening of thgetange Coulomb in-
teraction, and proper bundling are essential to achieve high-tempesapageonductivity.
Impurities and disorders tend to destroy superconductivity especially icatbe of . <
1.5. Itis very likely that theK . of the outermost shell of a MWNT is less than 1.5]if
> 15 nm. These tubes, if not clean enough, will undergo the superctometoeinsulator
transition below a localization temperatufg,.. For K. > 1.5, such a transition should not
occur and the ground state is always superconducting.
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