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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, CA 90032, USA

Abstract

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

It is generally believed that the superconducting transition temperatureTc cannot be higher
than 30 K within the conventional phonon-mediated mechanism. Alexandrov and Mott
[1] demonstrate that strong electron-phonon coupling can lead to the formation of intersite
bipolarons and that the Bose-Einstein condensation of the bipolarons canexplain high-
temperature superconductivity in cuprates. Ginzburg [2] and Little [3] propose that high-
temperature or room-temperature superconductivity could be realized by exchanging high-
energy electronic excitations such as excitons and plasmons. Lee and Mendoza show that
superconductivity as high as 500 K can be reached through a pairing interaction mediated
by undamped acoustic plasmon modes in a quasi-one-dimensional (1D) electronic system
[4]. Moreover, high-temperature superconductivity can occur in a multi-layer electronic
system due to an attraction of charge carriers in the same conducting layer via exchange of
virtual plasmons in neighboring layers [5]. If the plasmon-mediated pairing mechanisms
are relevant, one should be able to find high-temperature superconductivity in quasi-one-
dimensional and/or multi-layer systems such as cuprates, carbon nanotubes (CNTs), and
graphites.

Carbon nanotubes constitute a novel class of quasi-one-dimensional materials which
would offer the potential for high-temperature superconductivity. The simplest single-
walled nanotube (SWNT) consists of a single graphite sheet which is curved into a long
cylinder with a diameter of about 1 nm. Band-structure calculations predict that carbon
nanotubes have two types of electronic structures depending on the chirality [6, 7], which
is indexed by a chiral vector(n, m): n−m = 3N +ν, whereN , n, m are the integers, and
ν = 0,±1. The tubes withν = 0 are metallic while the tubes withν = ±1 are semiconduc-
tive. For metallic chirality SWNTs, there are two and six transverse conduction channels
when the Fermi level is crossing the first and second subbands, respectively. Multi-walled
nanotubes (MWNTs) consist of at least two concentric shells which couldhave different
chiralities. The outer diameter of MWNTs prepared by arc discharge is normally centered
around 10-15 nm. The MWNTs possess both quasi-one-dimensional andmulti-layer elec-
tronic structures. This unique quasi-one-dimensional electronic structure in both SWNTs
and MWNTs make them ideal for plasmon-mediated high-temperature superconductivity.

In order to confirm the existence of superconductivity, it is essential to provide two
important signatures: the Meissner effect and the sharp resistive transition to the zero re-
sistance state. However, these two essential signatures are less obviousin a quasi-one-
dimensional superconducting wire that has a finite number of transverse conduction chan-
nels and a very thin transverse dimension. Due to large superconducting fluctuations, the
resistive transition in quasi-1D superconductors could be very broad.Because of the finite
number of transverse channels, the four-probe resistance never goes to zero even though
the on-wire resistance approaches zero. This would lead to a false impression that these
thin wires are not superconducting. Because the magnetic penetration depth may be far
larger than the transverse dimension, the diamagentic Meissner effect mightbe negligible,
which makes it difficult to distinguish between the Meissner effect and orbital diamag-
netism. Therefore, it is difficult to unambiguously identify quasi-1D superconductivity in
ultra-thin wires such as carbon nanotubes.

In spite of these difficulties to show the conventional signatures of superconductivity in
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ultra-thin superconducting wires, Zhaoet al. [8] reported in 2001 magnetic and electrical
evidence for possible superconductivity above room temperature in MWNT mat samples.
Since then, Zhao [9, 10, 11, 12, 13, 14] has analyzed the published magnetic, electrical,
and optical data for both single-walled and multi-walled carbon nanotubes, and provided
over twenty arguments for the existence of superconductivity above room temperature. In
this article, we will present electrical, magnetic, tunneling, and Raman spectroscopic evi-
dence for room-temperature superconductivity in carbon nanotubes. In section 2. we make
quantitative data analyses on the observed resistive transitions in carbonnanotubes. We
find that the resistive transitions in carbon nanotubes agree quantitativelywith the Langer-
Ambegaokar-McCumber-Halperin (LAMH) theory [15] for quasi-1D superconductors al-
though the superconducting transition temperatures vary from 0.4 K to 750 Kfor different
samples. In section 3., we identify the Meissner effect in the field parallel to the tube axis up
to room temperature for aligned MWNTs that are physically separated. Themagnitude of
the Meissner effect is in quantitative agreement with the predicted penetration depth from
the measured carrier density. Furthermore, the diamagnetic susceptibility in closely packed
MWNT bundles increases by a factor of over 4 at low temperatures compared with that for
physically separated tubes. This is the hallmark of the Josephson coupling among the tubes
in bundles. In section 4., we provide Raman spectroscopic evidence for superconductiv-
ity at about 665 K in a SWNT mat sample. We quantitatively deduce the superconducting
gap∆(0) at zero temperature, the mean-field superconducting transition temperatureTc0,
and the electron-phonon coupling constant for the Raman-active graphitic mode. We find
that ∆(0) = 106 meV and 2∆(0)/kBTc0 = 3.7. In section 5., we present the tunneling
evidence for the existence of large single-particle excitation gaps (> 100 meV) in both
SWNTs and MWNTs. In section 6., we provide evidence for negligible on-tube resistances
at room temperature in many individual MWNTs, and rule out the possibility ofballis-
tic transport at room temperature. In section 7., we discuss microscopic mechanism for
high-temperature superconductivity in carbon nanotubes. We show thatSWNT bundles
and individual MWNTs are ideal systems for high-temperature superconductivity within
the plasmon-mediated mechanism. In section 8., we discuss the pairing symmetry. It ap-
pears that s-wave gap symmetry is relevant. In the last section, we will giveconcluding
remarks.

2. The Resistive Transitions in Carbon Nanotubes

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

The phenomenon of superconductivity depends on the coherence of the phase of the super-
conducting order parameter. The phase coherence of the superconducting order parameter
leads to the zero-resistance state. For three-dimensional (3D) bulk systems, the transition
to the zero-resistance state occurs right below the mean-field superconducting transition
temperatureTc0 such that the resistive transition is very sharp and the transition width is
negligibly small. In contrast, the resistive transition in quasi-1D superconductors is broad
because of large superconducting fluctuations. A quantum theory to describe the resistive
transition in quasi-1D superconductors was developed by Langer, Ambegaokar, McCumber
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and Halperin [15] over 30 years ago. The theory is based on thermally activated phase slips
(TAPS), which cause the resistance to decrease to zero exponentially. In addition to the
thermally activated phase slips, there also exist quantum phase slips due to afinite num-
ber of transverse channels [16], which prevent ultra-thin wires or tubes from being true
superconductors with absolutely zero resistance.

In a theory developed by Langer, Ambegaokar, McCumber and Halperin[15], phase
slips occur via thermal activation, leading to a finite width for the resistive transition. The
resistance due to the TAPS is given by [17]

RTA =
h

4e2

~Ω

kBT
exp[−∆F◦(T )/kBT ], (1)

where the attempt frequencyΩ is [15]

Ω =

√
3

2π3/2
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HereL is the length of the wire,ξ(T ) is the coherence length, and~/τGL = (8/π)kB(Tc0−
T ). The barrier energy∆F◦(T ) is
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8
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whereH2
c (T )/8π is the condensation energy,A is the cross-section area of the wire, and

the critical field nearTc0 is given byHc(T ) = 1.73Hc(0)(1 − T/Tc0) within the BCS
theory [17]. Usingξ(T ) = ξ(0)(1 − T/Tc0)

−1/2 (Ref. [17]), we then have
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Combining the above equations, we finally get

RTA =
m

T 1.5
(1 − T

Tc0
)9/4 exp[−3cTc0

T
(1 − T

Tc0
)3/2], (6)

with

m = 2.55Tc0(3cTc0)
1/2 L

ξ(0)
, (7)

wherem is in the unit of kΩK3/2. 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 is possible that the
authors in Ref. [18] missed the prefactor of 1.73 inHc(T ).

The condensation energy at zero temperatureH2
c (0)/8π is equal toN(0)∆2(0)/2

within the BCS theory, whereN(0) is the density of states near the Fermi level and∆(0) is
the superconducting gap at zero temperature. For a single metallic SWNT with two trans-
verse channels,N(0)A = 4/3πaC−Cγ◦ (Ref. [19]),~vF = 1.5aC−Cγ◦ (Ref. [20]), where
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γ◦ is the hopping integral andaC−C (0.142 nm) is the bonding length. Using the BCS
relations:ξBCS = ~vF /π∆(0) and∆(0)/kBTc0 =1.76, and the above relations, one can
readily show that

c = 0.68
ξ(0)

ξBCS
. (8)

If a bundle of single-walled nanotubes or a multi-walled nanotube consists ofNch transverse
channels, then

c = 0.34Nch
ξ(0)

ξBCS
. (9)

In the clean limit,ξ(0) = 0.74ξBCS and thusc = 0.25Nch.
For two-probe or four-probe measurements on carbon nanotubes with finite transverse

channels, the total resistance isR = R0 + Rtube, whereRtube is the on-tube resistance
andR0 = Rt = RQ/tNch for four-probe measurements, orR0 = RQ/tNch + Rc for two
probe measurements [21]. Heret is the transmission coefficient (t ≤ 1), RQ = h/2e2 =
12.9 kΩ is the resistance quantum,Rc is the contact resistance, andRt is the tunneling
resistance. BothRc andRt should be temperature independent. For ideal contacts,Rc = 0
andt = 1, soR0 = Rt = 12.9 kΩ/Nch for a bundle comprisingNch transverse channels. For
quasi-1D systems,Nch is always finite such that both four-probe and two-probe resistances
never go to zero even if the on-tube resistance is zero. Only ifNch goes to infinity, as in
the bulk 3D systems,Rt becomes zero such that four probe resistance can go to zero below
the superconducting transition temperature. Therefore, the non-zero four-probe resistance
in ultra-thin wires does not rule out superconductivity in the wires.

2.2. The Resistive Transition in a SWNT Bundle with Tc0 = 0.44 K

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

Figure 1 shows the two-probe resistance data for a SWNT bundle that consists of about
350 tubes [22]. One can see that the resistance starts to drop below about 0.5 K, decreases
more rapidly belowTc0 ≃ 0.44 K and saturates to a value of 74Ω. From the saturated value
of R0 = 74Ω and the relation:R0= RQ/tNch + Rc, one can easily find that more than 174
transverse channels are connected to the electrodes and participate in electrical transport.
This implies that more than 87 metallic-chirality superconducting SWNTs take partin elec-
trical transport. Considering the fact that one third of tubes should havemetallic chiralities
and become superconducting, we find the total number (Nm) of the superconducting tubes
to be 117, implying thatt ≥ 0.74.

The value ofNm can be also deduced from the measured currentI∗c at which the last
resistance jump occurs. TheI∗c corresponds to the critical current for a superconducting
wire without disorder and with the same number of transverse channels [22]. According to
the BCS theory, the mean-field critical current in the clean limit is given by [17] I∗c (0) =
ensA∆(0)/~kF . The superfluid densityns is equal to the normal-state carrier densityn
which is given byn = 2NmN(0)EF = 2NmN(0)~vF kF = 4NmkF /Aπ. Here we have
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Figure 1. The temperature dependence of the two-probe resistance fora SWNT bundle that
consists of about 350 tubes. The data are extracted from Ref. [22].

used the relations for single metallic tube:N(0)A = 4/3πaC−Cγ◦, ~vF = 1.5aC−Cγ◦,
andE = ~vF |k|. Using∆(0)/kBTc0 = 1.76, we finally getI∗c = 7.04kBTc0Nm/eRQ.
With I∗c = 2.4µA (Ref. [22]) andTc0 = 0.44 K, we haveNm = 116, in remarkably good
agreement with the value (117) deduced above.

In Fig. 2, we fit the resistance data below 0.88Tc0 by

R = R◦ + α exp[−3βT ∗
c

T
(1 − T

T ∗
c

)3/2]. (10)

Here the first termR◦ = 74 Ω is the sum of the tunneling and contact resistances and the
second term is the on-tube resistance, which has a similar exponential dependence onT
as Eq. 6 but with a temperature independent prefactor. We can see that the fit is excellent
with the fitting parameterβ = 2.99±0.05 andT ∗

c = 0.394±0.002 K. Reducing or increasing
the temperature region for the fit tends to worsen the fit quality. Therefore, the on-tube
resistance goes to zero exponentially belowT ∗

c = 0.89Tc0. The microscopic origin of this
simple exponential dependence up to 0.89Tc0 is not clear, so we consider Eq. 10 only as an
empirical formula.

We also try to fit the resistance below 0.88Tc0 by

R = R◦ +
m

T 1.5
(1 − T

Tc0
)9/4 exp[−3cTc0

T
(1 − T

Tc0
)3/2]. (11)

Here the first termR◦ = 74 Ω 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 good and the
fitting parameters have no quantitative agreement with the LAMH theory. This isbecause
the LAMH theory is only applied to the temperature region where the barrier height is far
larger thankBT so that current carrying states involved are truly metastable [23]. The
estimated region of validity for the LAMH theory is below 0.07RN for dirty wires where
the mean free pathl << ξBCS (Ref. [23]). For the SWNT bundle, the condition ofl <<
ξBCS is well satisfied, as seen below. In Fig. 3, we fit the resistance data below 0.06RN by
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Figure 2. The temperature dependence of the two-probe resistance fora SWNT bundle
below 0.88Tc0. The solid line is the curve best fitted by Eq. 10 withβ = 2.99±0.05 and
T ∗

c = 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 below 0.88Tc0 decreases
exponentially to zero.

Eq. 11. Here we have ignored the normal conduction becauseRTA is a factor of about 20
smaller thanRN . One can see that the fitting is very good with the fitting parameters:m
= 26.6±4.7 kΩK1.5 andc = 3.08±0.13. It is remarkable that the value ofc is nearly the
same as the value ofβ (2.99±0.05) deduced above from a simple exponential fit (Eq. 10).
We will see below that the fitting parametersc andm are in quantitative agreement with the
LAMH theory.

From the values ofm, c, andTc0, we can evaluate the zero-temperature coherence
lengthξ(0) using Eq. 7. Substitutingm = 26.6 kΩK1.5, c = 3.08,Tc0 = 0.44 K, andL =
10000Å into Eq. 7, we obtainξ(0) = 850Å. From the measuredRN (0.25K)/L = 12 kΩ/µm
(Ref. [22]) and the relationRN/L = RQ/2Nml (Ref. [24]), we can calculate the mean free
pathl at 0.25 K. WithNm = 117, we getl = 46 Å. Substitutingl = 46 Å andξ(0) = 850
Å into the dirty-limit formula [23]:ξ(0) = 0.85

√
ξBCSl, we haveξBCS = 21739Å. With

ξBCS = 21739Å, ξ(0) = 850Å, andNch = 2Nm = 334, we calculatec = 3.11 from Eq. 9.
It is remarkable that the calculated value ofc from Eq. 9 is in quantitative agreement with
the value (3.08) deduced from the fitting.

We can also estimate the Fermi velocityvF from the deduced value ofξBCS and the
formulaξBCS = 0.18~vF /kBTc0. With ξBCS = 21739Å andTc0 = 0.44 K, we get~vF =
4.6 eVÅ. Then we estimateγ◦ = 2.16 eV from~vF = 1.5aC−Cγ◦. This value is very close
to the value (2.4 eV) estimated from the first-principle calculation [25].

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

Ic =
∆(0)

eRN

L

ξ(0)
. (12)
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Figure 3. The temperature dependence of the two-probe resistance fora SWNT bundle
below 0.06RN . The solid line is the curve fitted to the data below 0.06RN by Eq. 11
predicted by the LAMH theory. The estimated region of validity for the LAMH theory is
below 0.07RN for dirty wires wherel << ξBCS (Ref. [23]). The condition ofl << ξBCS

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

Using∆(0) = 1.76kBTc0 and substitutingRN (0.1K)/L = 12.5 kΩ/µm (Ref. [22]) andξ(0)
= 850Å into Eq. 12, we findIc = 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 bundle agrees with the
LAMH theory in a quantitative way.

2.3. The Resistive Transition in an Individual MWNT with Tc0 = 262 K

In 1996, Ebbesenet al. made four-probe resistance measurements on individual multi-
walled carbon nanotubes [27]. Four 80-nm-wide tungsten leads were patterned by ion-
induced deposition of tungsten from W(CO)6 carrier gas. This technique makes it possible
for electrodes to connect multi-shells of the tubes [28]. It is interesting thatthe electrical
properties vary significantly from samples to samples. Some tubes show abrupt jumps in
resistivity when the temperature increases. In some other tubes, the resistance at room tem-
perature is very small (e.g., 200Ω) but a metal-insulator transition occurs below about 200
K. We will show that the resistive behavior in the former case is in quantitativeagreement
with that expected for quasi-1D superconductivity. The resistive behavior in the latter case
may be explained by a superconductor-to-insulator transition in dirty quasi-1D systems.

Figure 4 shows the four-probe resistance data for a single MWNT with a diameter of
12±2 nm. The inner contact distance isL = 5000Å. One can see that the resistance drops
more rapidly below about 262 K and saturates to a value of about 8.80 kΩ below 160 K.
The resistive behavior of this single tube is similar to the resistive transition fora quasi-
1D superconductor withTc0 ≃ 262 K. The finite resistance far below the superconducting
transition temperature is due to a finite number of transverse channels, whichis estimated to
be about 54 for this tube (see below). UsingR0 = 8.80 kΩ, Nch = 54, and the relation:R0

= RQ/tNch, we estimate the averaget for each channel to be about 0.013. The small value
of t suggests that the electrical contacts to the tube are rather poor. Assuming anegligible
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Figure 4. The temperature dependence of the resistance for a single MWNT with d ≃ 12
nm. The data are extracted from Ref. [27].

on-tube resistance below 160 K, we estimate that the on-tube resistance in thenormal state
(at 300 K) is about 34 kΩ, leading toRN/L = 68 kΩ/µm.

In Fig. 5 we fit the resistance data belowT = 233 K = 0.89Tc0 by Eq. 10 with a fixed
R0 = 8.80 kΩ. One can see that the fitting is excellent with the fitting parameters:β =
11.71±0.12,α=19.0±0.1 kΩ, andT ∗

c = 234 K. It is interesting thatT ∗
c = 0.89Tc0, which is

the same as that for the SWNT bundle withTc0 = 0.44 K.
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Figure 5. The temperature dependence of the resistance for the 12-nm MWNT below 233 K
= 0.89Tc0. The solid line is the curve best fitted by Eq. 10 with the fitting parameters:β =
11.71±0.12,α = 19.0±0.1 kΩ, andT ∗

c = 234 K, and with a fixedR0 = 8.80 kΩ. 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 0.15RN by

R = R0 +
m

T 1.5
(1 − T

Tc0
)9/4 exp[−3cTc0

T
(1 − T

Tc0
)3/2]. (13)



32 Guo-meng Zhao

We fit the resistance data in this region becausel ≃ ξBCS , as seen below. We can see that
the fitting is excellent between 190 K and 210 K. There is a small deviation between 160
and 190 K, which may arise from quantum phase slips. The fitting parametersarem =
(1.64±0.14)×107 kΩK1.5 andc = 10.27±0.23. It is striking that the values ofβ andc are
also very close, similar to the case of the SWNT bundle withTc0 = 0.44 K.
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Figure 6. The temperature dependence of the resistance for the 12-nm MWNT below about
0.15RN . The solid line is the curve best fitted by Eq. 13 with the fitting parameters:m =
(1.64±0.14)×107 kΩK1.5 andc = 10.27±0.23.

From the values ofm, c, andTc0, we can evaluate the zero-temperature coherence
lengthξ(0) using Eq. 7. Substitutingm = 1.64×107 kΩK1.5, c = 10.27,Tc0 = 262 K, and
L = 5000Å into Eq. 7, we obtainξ(0) = 18.3Å. From the measuredRN/L = 68 kΩ/µm
and the relationRN/L = RQ/Nchl (Ref. [24]), we calculateNchl = 1897Å. Substitutingc
=10.27 into Eq. 9, we getNch = 30.2ξBCS/ξ(0). By solving the three equations:Nchl =
1897Å, Nch = 30.2ξBCS/ξ(0), andξ(0) = 0.74ξBCS

√

χ(0.882ξBCS/l), we finally obtain
l = 35Å, Nch = 54, andξBCS = 33.0Å. Here the Gorkov functionχ(x) is defined as [23]

χ(x) =
∞

∑

n=0

0.95

(1 + 2n)2(1 + 2n + x)
. (14)

The fact thatl ≃ ξBCS indicates that the LAMH theory (Eq. 13) is valid only below 0.17RN

(Ref. [23]). This justifies the region of the data we select to fit.
We can also evaluate the Fermi velocityvF from the deduced value ofξBCS and the

formula ξBCS = 0.18~vF /kBTc0. With ξBCS = 33 Å and Tc0 = 262 K, we get~vF =
4.14 eVÅ, which is about 10% smaller than that deduced above for the SWNT bundle.
Using the value ofγ◦ = 2.4 eV estimated from the first principle calculation [25] and the
relation~vF = 1.5aC−Cγ◦ (Ref. [20]) for the first subband of metallic chirality tubes, we
obtain~vF = 5.1 eVÅ. The value of~vF deduced from the LAMH theory is about 20%
lower than the value expected for the first subband of metallic chirality tubes.Such a small
discrepancy may be explained by a fact that the Fermi level of some outer shells is crossing
the second or higher subbands where [29] the Fermi velocity is smaller thanthat for the first
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subband. This quantitative agreement provides compelling evidence for high-temperature
superconductivity at 262 K in this 12-nm MWNT.

Now we would like to show that the deducedNch = 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 average number of
conducting channels per shell is about 3.2. This is possible when the Fermilevel of some
outer shells crosses their second subband (see above), which have 6channels 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 channels per shell
for an 18-nm MWNT from the measured room-temperature four-probe resistance, which is
200Ω (Ref. [27]). Using the relationR = RQ/tNch+Rtube ≥ RQ/Nch andR = 200Ω, we
getNch ≥ 64. The total number of shells for the 18-nm MWNT should be about 26. This
implies that the average number of conducting channels per shell for the 18-nm MWNT is
larger than 2.5, in agreement with that (3.2) deduced independently for the12-nm MWNT.

The other puzzling feature in the resistive behavior of this 18-nm MWNT is the
metal-insulator transition below about 200 K (Ref. [27]). We can attribute thisto a
superconductor-insulator transition in dirty quasi-1D systems. It is shownthat when the
thermal length is larger than the localization length below a temperatureTloc in quasi-1D
systems, the Anderson localization sets in and the ground state becomes insulating [30].

2.4. The Resistive Transition in a SWNT Mat with Tc0 = 710 K

Single-walled carbon nanotubes, prepared by metal-catalysed laser ablation of graphite,
form closely-packed crystalline bundles. The bulk samples, or mats consist of entangled
bundles that are contacted with each other and oriented randomly [31]. Ifclose-packed
crystalline bundles are superconductors, the bulk samples should behave like granular su-
perconductors. Depending on the Josephson coupling strength between the superconduct-
ing “grains”, the ground state could be metallic, insulating, or superconducting [32]. It is
interesting that the contact barrier resistance of a granular superconductor follows a rather
unusual exponential temperature dependence in a certain temperature range [32], that is,
Rb(T ) = Rb(0) exp(BT ), whereB could be positive, negative, or zero. This temperature
dependence of the barrier resistance was also suggested [33] for theintertube barrier resis-
tance in MWNTs. The barrier resistance extrapolated to zero temperature isfinite even if
theT -dependence of the resistance behaves like an insulator. This unique resistive behavior
makes a clear distinction from that for conventional semiconductors wherethe resistance at
zero temperature goes to infinity.

Figure 7 shows the temperature dependence of the resistivity for a SWNT mat. The data
are extracted from Ref. [31]. Below 200 K the resistivity is nearly temperature independent
while above 200 K the resistivity increases suddenly and starts to flatten outabove 550 K.
This behavior is similar to that for a granular superconductor. Below we willshow that this
is indeed the case.

We fit the resistivity data by

ρ = ρ0(T ) + α exp[−3βT ∗
c

T
(1 − T

T ∗
c

)3/2]. (15)
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Figure 7. The temperature dependence of the resistivity for a SWNT mat. The data are ex-
tracted from Ref. [31]. The solid line is the curve fitted by Eq. 15 with the fittingparameters:
ρ0 = 6.277±0.018 mΩcm,β = 0.90±0.04, andT ∗

c = 636.3 K.

Here the first term is the intertube contact barrier resistivity, which could be temperature
dependent, and the second term is the on-tube resistivity that follows a simpleexponential
form same as Eq. 10. In the present case, the intertube barrier resistivity appears to be
independent of temperature in the temperature region we are interested in, i.e., B ≃ 0.
It is striking that the data can be well fitted by Eq. 15 with the fitting parameters:ρ0=
6.277±0.018 mΩcm,β = 0.90±0.04, andT ∗

c = 636.3 K. Using the relationT ∗
c = 0.895Tc0

deduced empirically above, we obtainTc0 = 710 K. It is remarkable that theTc0 value
obtained from the resistivity data is very close to that (665 K) inferred from the Raman data
for a similarly prepared SWNT mat [13, 14] (see section 4.).

By extrapolation of the data shown in Fig. 7 toT = 710 K, we estimate the normal-state
on-tube resistivity at 710 K to beρexp

N ≃ 1.1ρexp
N (Tc0) = 6270µΩcm. Since about one-

third of tubes have metallic chiralities and the mat consists of crystalline bundles that are
oriented randomly, the intrinsic normal-state on-tube resistivityρi

N of the superconducting
tubes should be much smaller thanρexp

N , that is,ρi
N = ρexp

N /f , wheref is the reduction
factor that should be close to 3(1/0.33) = 9. The intrinsic mean free pathl is related toρi

N

by

l =
RQ

2

A◦

ρi
, (16)

wereA◦ is the area of single tube, which is equal to 1.54×10−18 m2 for d = 1.4 nm. If we
takef = 9, we getl = 14Å at T = 710 K from Eq. 16. If the resistivity jump above 200 K
were due to inelastic scattering, the inelastic mean free path would be about 14Å at about
700 K. This is inconsistent with any electrical transport mechanism for SWNTs.

Using~vF = 4.5 eVÅ andTc0 = 710 K, we find that the BCS coherence length along
the tube-axis directionξBCS = 13.2Å. The zero-temperature coherence length along the
tube-axis directionξ(0) should be smaller than the clean-limit value: 0.74ξBCS = 10 Å.
Then the coherence length perpendicular to the tube axis should be orderof 1 Å. Such
a short coherence length implies that only those superconducting tubes that are adjacent
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to each other can have enough Josephson coupling to form a superconducting bundle. A
simulation [34] indicates that the average number of the metallic-chirality tubes that are
adjacent to each other is about 2. This implies that the average number of themetallic-
chirality tubes comprising a superconducting bundle is also about 2, and that there are a
number of independent superconducting bundles within a physical bundle.

If we assume that the normal-state resistivity is linearly proportional toT above 200 K,
the average mean-free path between 200 K and 580 K should be about 26Å, significantly
larger thanξBCS . Then we estimateξ(0)≃ 8 Å. Using Eq. 9 andc≃ β = 0.9, we obtainNch

≃ 4.5. This implies that, on average, about two metallic chirality tubes are adjacentto each
other and form a superconducting bundle, in quantitative agreement with the simulation
[34].

2.5. The Resistive Transition in a MWNT Mat with Tc0 = 752 K

A multi-walled carbon nanotube is packed in such a way that each shell is concentric
with each other. If each shell has phase-incoherent superconductivity, MWNTs are almost
optimally packed to maximize the Josephson coupling and phase coherence. Individual
MWNTs can be closely packed into bundles. The bulk samples, or mats are made of entan-
gled bundles that are contacted with each other and oriented randomly. Thebulk samples
should also behave like granular superconductors.
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Figure 8. The temperature dependence of the resistance for a MWNT mat. The data are the
same as those in Ref. [8] but less data points are plotted for charity. The resistance between
300 K and 450 K can be excellently described by 17.3exp(−T/618.3) Ω, which represents
the intertube barrier resistance [33]. The average diameter of the tubes isabout 10 nm.

Figure 8 shows the temperature dependence of the resistance for a MWNTmat. It is
interesting that the resistance decreases monotonically with increasing temperature below
about 570 K. Above 570 K, the resistance tends to turn up. The resistance between 300 K
and 450 K can be excellently described by 17.3exp(−T/618.3) Ω. This temperature de-
pendence is expected for an intertube barrier resistance [33]. This implies that the on-tube
resistance between 300 K and 450 K is negligible, in agreement with severalindependent
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experiments which consistently show a negligible on-tube resistance at roomtemperature
in many individual MWNTs [35, 36, 37, 38]. The observed finite and very small on-tube
resistances in the individual MWNTs [37] are consistent with quasi-1D room-temperature
superconductivity with finite quantum phase slips.
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Figure 9. The on-tube resistance by subtracting the barrier resistance from the total resis-
tance of the MWNT mat. The solid line is the fitted curve by Eq. 10 by excluding thedata
points between 450 K and 600 K. The fitting parameters areβ = 11.34 andT ∗

c = 669 K.

If we assume that this temperature dependence for the intertube barrier resistance re-
mains valid up to 750 K, we then obtain the on-tube resistance by subtracting thebarrier
resistance from the total resistance. The resultant on-tube resistance below 665 K is shown
in Fig. 9. The solid line is the fitted curve by Eq. 10 by excluding the data points between
450 K and 600 K. The shoulder feature between 450 K and 600 K may be caused by quan-
tum phase slips. The fitting parameters areβ = 11.34 andT ∗

c = 669 K. Using the empirical
relationT ∗

c = 0.89Tc0, we obtainTc0 = 752 K.

It is interesting that the value ofβ = 11.34 for this MWNT mat is slightly smaller
than that (11.71) for the 12-nm MWNT. This implies that, on average, the totalnumber
of transverse channels for each superconducting bundle (which may contain one or more
individual MWNTs nearTc0) is comparable with that for the single 12-nm MWNT. As
discussed in section 7., the Josephson coupling among individual MWNTs has not been
established nearTc0, so most of the superconducting bundles actually consist of only single
MWNT. Only for those small-diameter MWNTs, the Josephson coupling among them is
established nearTc0 such that several individual tubes are formed into a superconducting
bundle. Therefore, the average number of conduction channels per shell should 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 versusT/Tc0 for the 12-nm
MWNT (Tc0 = 262 K) and for the MWNT mat (Tc0 = 752 K). It is remarkable that the
on-tube resistive transitions for the two systems are nearly identical although they have
different Tc0’s and the electrical measurements were done by independent groups. This
agreement also suggests that both sets of data are reliable and that the procedure to extract
the on-tube resistance for the MWNT mat is justified.



Evidence for Room-Temperature Superconductivity ... 37

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0.4 0.5 0.6 0.7 0.8 0.9 1.0

MWNT mat (T
co

=752 K)
Single MWNT (T

c0
=262 K)

R
tu

be
(T

)/
R

tu
be

(T
c0

) 

T/T
c0

Figure 10. The normalized on-tube resistance versusT/Tc0 for the 12-nm MWNT (Tc0 =
262 K) and for the MWNT mat (Tc0 = 752 K). The on-tube resistive transitions for the two
systems are nearly identical although they have differentTc0’s.

3. Magnetic Properties of MWNTs

From the quantitative analyses of the electrical transport data in severalcarbon nanotubes,
we can clearly see that the superconducting transition temperatures can vary from 0.4 K
to 750 K for different samples. We believe that theTc0 variation may be associated with
the differences in the doping level, the chirality and diameter of tubes, the screening of the
long-range Coulomb interaction, and in disorders (see section 7. below).In order to unam-
biguously show that high-temperature superconductivity in carbon nanotubes is real, one
needs to provide magnetic evidence such as the existence of the Meissner effect. However,
the Meissner effect may be less visible because the diameters of the tubes maybe much
smaller than the magnetic penetration depth. Further, the orbital diamagnetic susceptibility
in the magnetic field perpendicular to the graphite sheet is large, making it difficult to sep-
arate the Meissner effect from the large orbital diamagnetic susceptibility. Fortunately, the
orbital diamagnetic susceptibility of carbon nanotubes in the magnetic field parallel to the
tube axis is predicted to be very small at room temperature [40]. This makes itpossible to
extract the Meissner effect from the measured susceptibility in the parallelfield.

Figure 11 shows the temperature dependence of the susceptibility for physically sepa-
rated and aligned MWNTs in a magnetic field parallel to the tube axis. The diameters of the
tubes are 10±5 nm, and the lengths are on the order of 1µm. It is apparent that the diamag-
netic susceptibility is significant up to 265 K. Because the orbital diamagnetic susceptibility
in the parallel field is negligible at room temperature [40], the observed diamagnetic suscep-
tibility at 265 K should mainly contribute from the Meissner effect due to superconductivity.
Thus, the Meissner effect at 265 K is about−0.8 × 10−5 emu/g, which is significant. This
result clearly indicates that the superconducting transition temperature should be higher
than 300 K.

For superconducting tubes of radiusr in the magnetic field parallel to the tube axis, the
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Ref. [39].

diamagnetic susceptibility due to the Meissner effect is given by

χS
‖ (T ) = − r̄2

32πλ2
θ(T )

. (17)

Herer̄2 is the average value ofr2, andλθ(T ) is the penetration depth when carriers move
along the circumferential direction. The above equation is valid only ifλθ(0) is larger than
the maximum radius of tubes, which should be the case for carbon nanotubes. Eq. 17 indi-
cates that the Meissner effect is inversely proportional to1/λ2

θ(T ). Assuming an isotropic
gap and takingTc0 = 752 K, we find that1/λ2

θ(T ) and thusχS
‖ (T ) are nearly independent of

temperature below 265 K. Then we haveχS
‖ (0) = χ‖ (265 K)≃ −0.8× 10−5 emu/g. If we

assume that the radii of tubes are equally distributed from 0 to 100Å, we find r̄ = 50Å and
r̄2 = 3333Å2. With the weight density of 2.17 g/cm3 (Ref. [41]) andχS

‖ (0) = −0.8×10−5

emu/g, we calculateλθ(0) ≃ 1380Å. This value of the penetration depth corresponds to
n/m∗

θ = 1.48 × 1021/cm3me, wheren is the carrier density,m∗
θ is the effective mass of

carriers along the circumferential direction. If we takem∗
θ = 0.012me, typical for graphites

[42], we estimaten = 1.78×1019/cm3, in good agreement with the Hall effect measurement
[33] which givesn = 1.6×1019/cm3. It is worthy of noting that the Hall coefficient in the
physically separated MWNTs does not go to zero belowTc0. This is because the on-tube
resistance does not exactly go to zero due to quantum phase slips and because the magnetic
field is almost penetrated into the whole volume of the tubes.

From Eq. 17, we can see thatχS
‖ (T ) will increase linearly with increasinḡr2 or cross-

sectional area. For Josephson coupled MWNT bundles in unprocessed mats, the effectivēr2

is larger than that for physically separated tubes. As the temperature decreases, the Joseph-
son coupling strength increases so that the effectiver̄2 and thusχS

‖ (T ) also increase. This
can naturally explain why the diamagnetic susceptibility for physically coupled MWNTs
is larger than that for physically separated MWNTs and why the enhancement in the dia-
magnetic susceptibility increases significantly with decreasing temperature (seeFig. 11).
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At the lowest temperature, the enhancement factor is about 4.3. Without superconductiv-
ity in these MWNTs, it is very difficult to account for such a large enhancement 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 aboutthe electron-
phonon coupling and the electronic pair excitation energy in the high-Tc cuprate super-
conductors [43, 44, 45]. The anomalous temperature-dependent broadening of the Raman
activeB1g-like mode of 90 K superconductors RBa2Cu3O7−y (R is a rare-earth element)
allows one to precisely determine the superconducting gap [44]. The pronounced softening
observed only for theB1g mode is due to the fact that the phonon energy of theB1g mode
is very close to 2∆(0) and the mode is strongly coupled to electrons [44, 46, 47].

The temperature dependence of the frequency for the Raman-activeB1g mode of an
optimally doped YBa2Cu3O7−y is shown in Fig. 13a. It is apparent that the frequency de-
creases linearly with increasing temperature aboveTc and that the mode starts to soften
below about 0.95Tc. The temperature dependence of the frequency aboveTc is caused
by thermal expansion. The temperature dependence of the frequency will become more
pronounced at higher temperatures because the magnitude of the slope−d lnω/dT is es-
sentially proportional to the lattice heat capacity that increases monotonically with tempera-
ture. The significant softening of the mode belowTc occurs only if the energy of the Raman
mode is very close to 2∆(0) and the electron-phonon coupling is substantial [46, 47], as it
is the case in the optimally doped YBa2Cu3O7−y [43, 44, 45]. In order to see more clearly
the softening of the mode, we show in Fig. 13b the difference of the measured frequency
and the linearly fitted curve aboveTc. It is clear that the softening starts at about 89 K≃
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Figure 13. a) The temperature dependence of the frequency for the Raman-activeB1g

mode of an optimally doped YBa2Cu3O7−y. The data are extracted from Ref. [43]. b) The
difference between the measured frequency and the linearly fitted curveaboveTc.

0.95Tc.

Figure 14a shows the temperature dependence of the frequency for theRaman active
graphitic mode of a SWNT mat. It is striking that the frequency data show a clear ten-
dency of softening below about 630 K. Above 630 K, the frequency decreases linearly with
increasing temperature with a slope much larger than that in YBa2Cu3O7−y. This is due
to a much larger thermal expansion at such high temperatures in SWNTs. Theslope will
decrease with decreasing temperature and eventually level off at low temperatures. The lev-
eling off between 450-630 K must be due to the competition between the mode hardening
due to the normal thermal effect and the mode softening due to a transition to thecharge/spin
density wave state or to the superconducting state. The transition to the charge/spin density
wave state will lead to a metal-insulator transition upon cooling, in contrast to the transport
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. 14b thediffer-
ence between the measured frequency and the linearly fitted curve abovethe kink 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 the Raman active graphitic
mode of a SWNT mat with 0.2% Ni/Co catalyst. The data are from Ref. [48]. b) The dif-
ference of the measured frequency and the linearly fitted curve above the kink temperatures
(see text).

Fig. 13b. This suggests that the softening of the Raman active graphitic modein the SWNTs
may have the same microscopic origin as the softening of the Raman activeB1g mode in
YBa2Cu3O7−y. This explanation is plausible only if the phonon energy of the graphitic
mode is very close to 2∆(0). We are fortunate that the phonon energy of the graphitic
mode is 197 meV, very close to 2∆(0) ≃ 200 meV expected for aTc0 in the range of 600-
700 K. If Tc0 is away from this range, the phonon self-energy effect will disappear. This
can explain why this effect is not visible for another SWNT mat with 1.3% Ni/Co catalyst,
as shown in Fig. 15. It is likely that theTc0 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 632 K.Using the
fact that the softening starts at 0.95Tc0 (Ref. [46]), we can assign the mean-field transition
temperatureTc0 = 665 K. It is interesting to note that there is a clear minimum atT ∗ = 370 K
= 0.57Tc0 in Fig. 14b. Such a minimum is also seen at about 0.6Tc0 in a calculated curve
for a superconductor (see Fig. 8 of Ref. [46] ). This shallow minimum in thefrequency shift
is related to a sharp minimum in the real part of the polarizationΠ(ω, T ), which occurs at
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Figure 15. The temperature dependence of the frequency for the Ramanactive graphitic
mode of a SWNT mat with 1.3% Ni/Co catalyst. The data are from Ref. [48]. The phonon
self-energy effect is not visible in this sample because theTc0 of the sample might be far
away from the range of 600-700 K, which is optimal for the observation ofthe phonon
self-energy effect.

~ω/2∆(T ∗) = 1 for weak coupling [46, 47]. From the temperature dependence of theBCS
gap [17], we find that∆(T ∗) = ∆(0.57Tc0) = 0.93∆(0). With ~ω/2∆(T ∗) = 1 and~ω = 197
meV, we finally obtain∆(0) = 106 meV. Then we calculate 2∆(0)/kBTc0 = 3.7, which is in
excellent agreement with the prediction based on the plasmon-mediated pairingmechanism
[4]. It is worth noting that∆(0) would be much larger if the magnetic impurities would not
suppress superconductivity.

We can evaluate the electron-phonon coupling constant for the Raman-active graphitic
phonon modeλg using a relation [44]:∆ω/ω = 0.5λgReΠ/N(0). In the weak-coupling
limit, the value of ReΠ/N(0) at zero temperature is calculated to be−7.0 using Eq. 16 of
Ref. [47] and~ω/2∆(0) = 0.93. Strong coupling and impurity scattering tend to reduce the
magnitude of ReΠ/N(0) [46, 47]. Because∆ω/ω is nearly independent of temperature
below 0.45Tc0 [46], we take the value of∆ω/ω at zero temperature to be the same as that
(−0.378%) at room temperature. Then we obtainλg = 0.0011 using the relation:∆ω/ω
= 0.5λgReΠ/N(0). The value ofλg = 0.0011 may be slightly underestimated since the
coupling to bosonic modes is not in the weak limit (2∆(0)/kBTc0 = 3.7).

Recently, Lazzeriet al. [49] have used accurate density functional theory (DFT) to
compute with high accuracy the electron-phonon coupling for optical phonons in (6, 6) and
(11, 11) armchair SWNTs. From their results, we can readily evaluate the electron-phonon
coupling constantλg for the Raman-active graphitic mode in metallic-chirality SWNTs with
different diameters. Ford = 1.4 nm, we find thatλg = 0.0014, in quantitative agreement
with that (0.0011) deduced from the superconductivity induced phononself-energy effect.
Such quantitative agreement justifies the above data analyses that suggest a superconducting
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 of the single-particle
excitation gap. From a single-particle tunneling spectrum obtained through two high-
resistance contacts (see Fig. 1b of Ref. [50]), we can clearly see a pseudo-gap feature which
appears at an energy of about 220 meV. The pseudo-gap feature could be related to the su-
perconducting gap. Considering the broadening of the gap feature dueto large quantum
phase slips and the double tunneling junctions in series, we estimate the superconducting
gap ∆(0) to be about 100 meV. The scanning tunneling microscopy [51] on individual
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Figure 16. The tunneling spectrum for an “insulating” MWNT withd = 30 nm. The figure is
reproduced from Ref. [52]. The energy scale has been reduced by a factor of two compared
with the original spectrum for double junctions [52].

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

For MWNTs, the electrical transport data indicate superconductivity at about 750
K. This implies that the magnitude of∆(0) should be about 120 meV according to
2∆(0)/kBTc0 = 3.7. The expected single-particle excitation gap has been seen in the tun-
neling spectrum for an “insulating” MWNT withd = 30 nm, which is shown in Fig. 16. In
the figure, the energy scale has been reduced by a factor of two compared with the original
spectrum for double junctions. This spectrum would imply a semiconducting gap of about
200 meV if the outermost shell had a semiconducting chirality. However, according to a
formulaEg = 2aC−Cγ◦/d (Ref. [20]), the predicted semiconducting gapEg for a semi-
conducting chirality tube withd = 30 nm should be about 22 meV, which is about one order
of magnitude smaller than the observed value for the “insulating” tube. In fact, the tunnel-
ing spectrum for another “conducting” tube with the same diameter [52] is consistent with
Eg ≃ 20 meV (see Fig. 17), suggesting that the “conducting” tube has a semiconducting
chirality.

In order to consistently explain the tunneling spectra, we must assume that the“insu-
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Figure 17. The tunneling spectrum for a “conducting” MWNT withd = 30 nm. The figure
is reproduced from Ref. [52]. The magnitude of the gap is consistent witha semiconducting
chirality tube.

lating” tube has a metallic chirality and that the gap is related to either the superconducting
state or the insulating CDW state. If the gap is related to the insulating ground state, one
should be able to observe a rectification effect in a heterojunction betweenthis “insulating”
MWNT and another “conducting” MWNT. Indeed, the rectification effectis observed [52]
below about 192 K. However, the rectification effect disappears [52]above 192 K, which
cannot be explained if the metallic-chirality tube remains insulating. Thereforethere must
be a transition from the superconducting to the insulating state belowTloc ≃ 192 K. A sim-
ilar transition at about 200 K has been seen in an 18-nm MWNT [27] (see section 2.). Such
a transition can occur in dirty quasi-1D systems [30] where the Cooper pairs get localized
belowTloc. It is clear that the single-particle gap remains essentially unchanged acrossTloc.
Therefore, the superconducting gap would be about 125 meV if this 30-nm MWNT were
clean enough to avoid the Anderson localization.

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

We can quantitatively explain this spectrum by invoking superconductivity.The peak
positions denoted by 1, 2, 3, 4, 5 are located at< −117 mV,−54.4 mV, 54.4 mV, 76.5 mV,
and∼120 mV, respectively. BelowTc0, the Van Hove singularities are located atǫV H =
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±
√

[∆(0)]2 + (EV H − EF )2. Here the sign in the prefactor of the square root is the same
as the sign ofEV H − EF . In order to get a consistent explanation to the spectrum, we
assume that the tube is hole doped (i.e.,EF < 0) and that the positive voltage corresponds
to the negative electron energy.

It is interesting that peak 2 is broader than peak 3. This indicates that peak2 corresponds
to two overlapped peaks: one is a superconducting quasi-particle peak and another is a Van
Hove singularity located slightly above the Fermi level. Peak 3 correspondsto another
superconducting quasiparticle peak. From the positions of peak 2, 3, and 4, we deduce
that∆(0) = 54.4 meV,EV H1 = ±54.4 meV,EV H2 = ±108.5 meV≃ 2EV H1, andEF =
−55.0 meV. The positions of Van Hove singularities agree with the theoretical prediction
for an armchair tube [20]. With the values ofEV H1, EV H2 and∆(0), we can predict the
other peak positions. For example, we predictV1 = −121.6 mV andV5 = +121.6 mV, in
excellent agreement with the measured results. UsingEV H1 = 54.4 meV,d = 17 nm, and
the relationEV H1 = 3aC−Cγ◦/d (Ref. [20]), we find thatγ◦ = 2.2 eV, in quantitative
agreement with another independent measurement [55]. It is remarkable that the value of
γ◦ = 2.2 eV also agrees quantitatively with those deduced from the resistive transitions 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, thelarge
enhancement in the density of states due to the Van Hove singularity leads to a large increase
in the condensation energy, and thus a large suppression of quantum phase slips [10]. The
observed sharp quasiparticle peak at the gap edge should be related to substantially reduced
quantum phase slips. The much lower gap in the outermost layer of this MWNT isdue to
the fact that electron-plasmon coupling is significantly reduced when the second subband
is crossed [4].



46 Guo-meng Zhao

6. Negligible on-Tube Resistances in MWNTs

In order to confirm superconductivity at room temperature in a 3D bulk sample, one needs
to show zero on-tube resistance at room temperature. However, the on-tube resistance for
a quasi-1D superconducting tube with a finite number of transverse channels will never
go to zero at finite temperatures due to quantum phase slips [16]. The resistance at room
temperature should be negligibly small ifNch is not too small. Indeed, negligible on-
tube resistances have been observed in a multi-walled nanotube bundle consisting of two
MWNTs with a diameterd = 16 nm (Ref. [35]), in an individual MWNT withd = 40 nm
(Ref. [36]), in over 50 individual MWNTs [37], as well as in a single-walled nanotube
bundle consisting of two SWNTs withd = 1.4 nm (Ref. [56]). These electrical transport
data are either consistent with ballistic transport or superconductivity at room temperature.

In order to distinguish between ballistic transport and superconductivity at room tem-
perature, it is essential to reliably estimate the lower limit of the room-temperature resistiv-
ity due to inelastic scattering. If we consider inelastic scattering only by the twistmode, the
calculated on-tube resistance per unit length per shell is the lower limit. If this lower limit
is far larger than the measured values, the ballistic transport mechanism is ruled out.

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

Rtube/L =
RQ

2

γ(Kc)Λ
2

a~vF Ct
(πakBT/~vF )(1+Kc)/2, (18)

whereΛ = n×2.92 eVÅ, Ct = n3×18 eVÅ, a = 2.46Å, and

γ(Kc) = 4π−2(Kc)
1+Kc/2 sin[π(1 + Kc)/4]

∫ ∞

0
dzz/[sinh(z)](3+Kc)/2. (19)

One can easily show thatγ(1) = 2/π and γ(0.2) = 0.125. Using the relationd =
(
√

3/π)an and~vF = 5.3 eVÅ, and from Eq. 18, we calculateRtube/L at room temperature
as a function ofd for Kc = 1 and 0.2. The result is shown in Fig. 19. We can see that ford
= 20 nm, the on-tube resistance per unit length at room temperature would beat least 275
Ω/µm if the tube were not superconducting. Other inelastic scattering will further increase
the resistivity. For example, the phonon energy of the breathing mode for the20-nm tube
is only 1.4 meV and this mode is strongly coupled to electrons [58]. Such a softmode 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 MWNTs, which protrudefrom
unprocessed arc produced nanotube fibers and are contacted with liquidmetals, show very
small per unit length resistances at room temperature:Rtube/L = 31±61 Ω/µm. For ex-
ample,Rtube/L = 14 Ω/µm for a MWNT with d ≃ 20 nm. Since the tunneling resistance
is close toRQ and the electrical contacts are nearly ideal, the current would only flow the
outermost shell if the MWNT were not a superconductor. This implies that the value of
Rtube/L for the outermost shell (d ≃ 20 nm) would be about 14Ω/µm, which is over one
order of magnitude smaller than the lower limit (275Ω/µm) expected from the ballistic
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Figure 19. The calculated lower limit of the room-temperature on-tube resistance per unit
lengthRtube/L as a function of the tube diameterd for the Luttinger parameterKc = 1.0
and 0.2. The lower limit is set by the resistivity contributed only from the scattering of a
twist mode.

transport mechanism. Therefore, the ballistic transport mechanism cannot explain such a
small on-tube resistance at room temperature.

Using the averageRtube/L = 31 Ω/µm and the averaged = 15 nm, and assuming that
the current flows through all the shells, we estimate the room-temperature resistivity to be
5.5×10−7 Ωcm. 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.). The verysmall
but non-zero resistivity is consistent with the existence of quantum phaseslips due to a finite
number of transverse channels. The quantum-phase slip theory [16, 10] can also account
for semiconductor-like temperature dependence of the resistance below room temperature
in some MWNTs that are lithographically contacted [21]. The lithographically contacted
MWNTs may contain high density of defects or imperfections which are introduced through
purification and other processing steps [37]. Defects and disorders enhance quantum-phase
slips and localization of Cooper pairs, which would lead to a large on-tube resistance and a
semiconductor-like temperature dependence of the resistance well belowTc0 (Ref. [16, 10]).

The other important issue to be addressed is why the the tunneling resistanceis close to
RQ 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 the outermost shell to
the normal state through the proximity effect, which can destroy the Josephson coupling
between the outermost shell and the inner shells in the contact region. Because the strong
coupling between the liquid metal and the outermost shell, the band withπ character is
pushed down below the Fermi level, and thus only one channel withπ∗ character contributes
to electrical transport [59].
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7. Microscopic Pairing Mechanism

It has been shown that the low energy physics of an individual metallic single-walled carbon
nanotube is equivalent to a ladder system [60] and can be described byLuttinger liquid
with an effective interaction parameterKc. For unscreened Coulomb interactions,Kc is
calculated to be about 0.2 in the absence of electron-phonon interactions [61]. On the
other hand, if electron-phonon interactions are strong and the Coulomb interactions are
effectively screened off,Kc will become larger than 1. Recent theoretical calculation [58]
indicates that the strong electron-phonon interaction with the long-wave breathing mode
produces a large attractive interaction, which leads to the following formula

Kc =
K◦

c
√

1 − (K◦
c )2rB/r

, (20)

whereK◦
c is the unrenormalized parameter in the absence of the electron-phonon interaction

with the breathing mode andrB = 2.4±0.9 Å. If the Coulomb interaction is completely
screened off by external gate electrodes, we haveK◦

c ≃ 1. If we taker = 7 Å, K◦
c =1, and

rB = 2.4Å, we findKc =1.23.
The value ofKc can be determined from the measured temperature dependence of the

on-tube resistanceRtube(T ) on the basis of the theoretical prediction ofRtube(T ) for a
ladder system [30]. The theory [30] predicts thatRtube(T ) ∝ T 2Kc−2. So the two-probe
resistance is given by

R(T ) = R◦ + CT 2Kc−2. (21)

In Fig. 20, we show the temperature dependences of the resistance at zero gate voltage
for two metallic-chirality SWNTs withd = 1.5 nm and 1.7 nm, respectively. The contacts to
the nanotubes are nearly ideal with the transmission probability close to 1 (Ref. [62, 63]). In
this case, the two-probe resistance approaches 6.45 kΩ if the on-tube resistance approaches
zero. It is remarkable that the temperature dependence of the resistancecan be well fit
by Eq. 21 withKc = 1.86±0.12 for d = 1.5 nm andKc = 1.74±0.06 for d = 1.7 nm.
The largeKc values for these individual SWNTs suggest that the long-range Coulomb
interaction is effectively screened off by the external gate electrodes.Moreover, sinceKc >
1.5, the on-tube resistance is predicted to be zero at zeo temperature [30], in good agreement
with experiment [62, 63]. Using Eq. 20 and the measuredKc values, we can deducerB

= 5.5±0.2 Å if we take K◦
c =1, which is significantly larger than that (2.4̊A) estimated

theoretically [58].
In order to resolve this discrepancy, we should also consider the electron-phonon in-

teractions with other phonon modes (e.g., short-wave acoustic and optic modes) and the
coupling with electronic excitations such as acoustic plasmons [4, 64]. These additional
interactions will renormalizeK◦

c such that the quantityK◦
c in Eq. 20 may be replaced by

the renormalizedK̄◦
c , that is,

Kc =
K̄◦

c
√

1 − (K̄◦
c )2rB/r

. (22)

If we substituterB = 2.4 Å, and the measuredKc values into Eq. 22, we obtain̄K◦
c

= 1.28 in both cases. Using this parameter, we can estimateKc to be 1.40 and 1.33 for a
single-walled tube withr = 25Å and 50Å, respectively.
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Figure 20. The temperature dependences of the resistance at zero gatevoltage for two
SWNTs with L = 200 and 4000 nm. The data are extracted from Refs. [62, 63].

When individual single-walled nanotubes are closely packed into crystalline bundles, or
formed into a multi-walled nanotube, the long-range Coulomb interaction could bereduced
by two orders of magnitude [65] depending on the number of tubes comprising the bundles
[66]. This implies that the long-range Coulomb interaction in the bulk mat samples can be
effectively screened off. Because the short-range on-siteU is reduced by a factor of 10 for
an armchair tube withd = 1.4 nm, and the reduction factor is proportional tod (Ref. [60]),
the effective on-siteU becomes very small for a tube withd > 1 nm. Therefore,K◦

c

in SWNT mat samples should be close to 1. Moreover, since the intertube coupling will
increaseKc further [58], we expect thatKc should be about 2 in SWNT mats. For MWNTs,
intershell coupling will significantly increase the pairing interaction [5], so the averageKc

in a MWNT with an average shell radius of 25Å should be much larger than 1.4. For the
outermost shell withr > 50Å, we may expect 1.3< Kc < 1.5. If Kc < 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 attractive interaction,
this coupling alone cannot lead to superconductivity above room temperature because of
low density of states and low bosonic energies. We believe that electron-plasmon coupling
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along with strong electron-phonon coupling should be responsible for high-temperature
superconductivity [4, 64]. A SWNT bundle or an individual MWNT is equivalent to a
multimode wire. Because the Fermi velocities of the acoustic plasmons in neighboring
tubes/shells are comparable, the attractive interaction mediated by undamped acoustic plas-
mons in the adjacent tubes/shells should be much stronger than that mediated byacoustic
phonons [64]. A similar idea has been proposed to explain high-temperature supercon-
ductivity in layered cuprates [5]. Within this scenario, high-temperature superconductivity
can occur in a multi-layer electronic system due to an attraction of charge carriers in the
same conducting layer via exchange of virtual plasmons in neighboring layers [5]. Multi-
walled carbon nanotubes and SWNT crystalline bundles are ideal candidates for realization
of plasmon-mediated high-temperature superconductivity.

The most favorable conditions for superconductivity are that all the individual tubes
comprising MWNTs or SWNT bundles must have metallic chiralities and the chiralities
of the adjacent tubes are different. In this situation, the single-particle hopping between
neighboring tubes is strongly suppressed [65]. The suppression of the single-particle hop-
ping stems from the obstruction to having precise momentum conservation in the hopping
between the misaligned lattices of the nanotubes. This ensures that the single-particle elec-
tronic state in individual tubes remains one-dimensional nature such that acoustic plasmon
modes remain undamped. This also suppresses any long-range spin or charge ordering be-
cause the spin or charge correlation remains one dimensional. On the other hand, the tun-
neling of Cooper pairs, which is proportional to the square of transverse hopping integral
tT , turns out to be significant. Because Cooper pairs are formed at zero total momentum,
they do not find an obstacle in the tunneling processes from the misalignment of the nan-
otube lattices. For this reason, one has to take thetT value to be the same as that for the
case of the perfect alignment [65], that is,tT ≃ 10 meV for a crystalline bundle composed
of 1.4-nm SWNTs [67]. For a bundle consisting of 10 nm SWNTs,tT is reduced by a factor
of

√

10/1.4 = 2.67 (Ref. [67]), that is,tT ≃ 3.78 meV. For MWNTs,tT should be similar
to that for graphites, i.e.,tT ≃ 100 meV (Ref. [67]).

Now a question arises: Is the Josephson coupling among the individual tubes in a bun-
dle or a MWNT strong enough to sustain phase-coherent superconductivity above room
temperature? In order to answer this question, one needs to consider two characteristic
temperatures, one isTJ below which the phase coherence among the tubes takes place, and
another isTc0 below which single-particle density of states starts to suppress due to the
superconducting correlation in individual tubes. IfTJ > Tc0 the superconducting transition
occurs belowTc0. Otherwise, ifTJ < Tc0 the superconducting transition occurs belowTJ .
We will show that theTJ values calculated from realistic parameters are significantly higher
than 700 K in both SWNT bundles and MWNTs.

The analytical expression forTJ has been derived within the random-phase- approxima-
tion (RPA) [68]. Since the RPA underestimates [68]TJ by about 20%, we need to multiply
the RPA formula by a factor of 1.2 to get a more accurate estimate ofTJ . The modifiedTJ

formula is then given by [68]

TJ =
1.2∆(0)

2π
[
2zJ

∆(0)
sinπδ

Γ2(δ/2)Γ2(1 − δ)

Γ2(1 − δ/2)
]1/(2−2δ), (23)

wherez is the number of nearest neighbor tubes,δ = 1/(2Kc), ∆(0) is the single-particle
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Figure 21. The calculatedTJ as a function ofKc for SWNT bundles withz = 1 and 6. In
the calculation, the following parameters are used:∆(0)/kB = 1200 K,tT = 10 mV, and
W = 10 eV. The value oftT = 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 withTc0 = 710 K (see
section 2.).

excitation gap (pairing gap), andJ is the intertube Josephson coupling energy which is
given by [68]

J ≃ (
∆(0)

W
)1/Kc−1 t2T

∆(0)
, (24)

whereW is the order of the original bandwidth. For the SWNT mat withTc0 = 710 K, we
have shown that, on average, only two superconducting tubes are formed into a bundle, that
is, only one of the six nearest neighbor tubes contribute to the JosephsoncouplingJ . Thus,
we can takez = 1 for this special case. From the Raman data, we have found that∆(0)/kB

= 1200 K.
Fig. 21 shows the calculatedTJ as a function ofKc for SWNT bundles withz = 1

and 6. In the calculation we have taken the following parameters:∆(0)/kB = 1200 K,
tT = 10 mV, andW = 10 eV. It is apparent that in order to haveTJ > Tc0 = 710 K for
z = 1, one needsKc > 1.66. As we discussed above,Kc can be larger than 2 for SWNT
mats if the long-range Coulomb interaction can be effectively screened off. This implies
that the Josephson coupling is strong enough to sustain superconductivity below 710 K. If
all the tubes have metallic chiralities and over a hundred tubes are formed into abundle,
quasi-3D superconductivity can be realized well above room temperature. In order to have
truly macroscopic superconductivity above room-temperature, one needs over one thousand
tubes to comprise a bundle.

For individual MWNTs,tT ≃ 100 meV if all the shells are superconducting. Even if
one third of shells are superconducting,tT should be larger than 10 meV. In Fig. 22, we
show the calculatedTJ as a function ofKc with tT = 10 meV and 100 meV, respectively.
In the calculation we have taken the following parameters:∆(0)/kB = 1400 K,z = 2, and
W = 10 eV. For MWNTs,z = 2 and∆(0)/kB ≃ 1400 K (see section 5.). We can see that,
in the case oftT = 10 meV,TJ > Tc0 = 750 K for Kc > 1.43. Since the averageKc in
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Figure 22. The calculatedTJ as a function ofKc for individual MWNTs withtT = 10 meV
and 100 meV. In the calculation, the following parameters are used:∆(0)/kB = 1400 K,z
= 2, andW = 10 eV.

MWNTs 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 and over 50 shells
are formed into a MWNT, quasi-3D superconductivity can be realized wellabove room
temperature.

For a bundle composed of individual MWNTs with outer diameter of 10 nm, the Joseph-
son coupling temperatureTJ can be calculated withtT = 3.78 meV (see the above discus-
sion). In Fig. 23, we show the calculatedTJ as a function ofKc with z = 2 and 6. Because
Kc for the outermost shell should be below 1.5, as discussed above,TJ is below 500 K even
for z = 6. This implies that the Josephson coupling among the individual MWNTs hasnot
been established nearTc0 = 750 K. In order to have truly macroscopic superconductivity
above room temperature, one needs to bundle the individual MWNTs. Butthe outer diam-
eters of these tubes should not exceed a critical value, which is about 10nm according to
the result in Fig. 23.

Now let’s explain why theTc0’s in some single-walled nanotube bundles are below 1
K (Ref. [22]). If we check the measured temperature dependence of the normal-state resis-
tance, we find that these bundles behave like semiconductors in the normal state. Assuming
that the normal-state resistances of these samples follow Eq. 21, we can estimate theKc

values from the measured resistances at 1 K and 300 K. We obtainKc ≃ 0.93 for a SWNT
bundle (Pt2) withTc0 = 0.44 K, andKc ≃ 0.98 for another SWNT bundle (Pt1) withTc0 =
0.15 K. The values ofKc indicate that the effective interactions in both bundles are repul-
sive, leading to d-wave superconductivity [30]. Because theKc values are very close to 1,
the pairing interaction is weak, leading to lowTc0 superconductivity. Since theKc value for
sample Pt1 is closer to 1 than for sample Pt2, one expects that the repusive interaction in the
former sample is weaker than the latter sample. This can qualitatively explain whytheTc0

for sample Pt1 is significantly lower than for sample Pt2. Further, disorder willeffectively
suppressTc0 for d-wave superconductivity [30]. Because the mean free path of sample Pt2
is one order of magnitude smaller than that of sample Pt1, theTc0 suppression in the former
sample is much stronger than in the latter one. Thus, theTc0 difference between samples
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Figure 23. The calculatedTJ as a function ofKc for a bundle withz = 2 and 6. In the
calculation, the following parameters are used:∆(0)/kB = 1200 K,tT = 3.78 meV, andW
= 10 eV. The value oftT = 3.78 meV is suitable for a bundle composed of tubes with an
outer diameter of 10 nm.

Pt1 and Pt2 would even be much greater if the two samples could have similar disorders.
The other important question to be addressed is why these SWNT bundles haveKc val-

ues close to 1. One possibility is that the long-range Coulomb interaction is not effectively
screened off for these free-standing samples. The other possibility is that the Fermi levels of
these bundle samples are close to the charge neutrality point where the repulsive umklapp
interaction cannot be fully ignored and the attractive interaction producedby exchanging
short-wave acoustic phonon modes is essentially zero [65, 69]. Indeed, the transport data
[62] show that as the Fermi level shifts away from the neutrality point, theKc for indi-
vidual SWNTs can continuously change from<1 to >1. Therefore, to obtain a largeKc

and high-temperature superconductivity, sufficient doping and effective screening of the
long-range Coulomb interaction are essential. Without screening the long-range Coulomb
interaction, high-temperature d-wave superconductivity would also occur if the materials
were extremely clean. In this case, the electron-phonon and electron-plasmon interactions
behave like pair breakers. Moreover, impurities and disorders can easily break 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 oriented pyrolitic
graphite (HOPG) samples, there appear to be an interplay between superconductivity and
ferromagnetism [70]. Such an interplay suggests that the pairing symmetry inHOPG sam-
ples should be ofp-wave, similar to the case of Sr2RuO4. Considering the similarity be-
tween carbon nanotubes and HOPG, we may expect that the gap symmetry in carbon nan-
otubes should also bep-wave. An essential attribute for p-wave superconductivity is that
the spin susceptibility is the same in the superconducting and normal states. Thespin sus-
ceptibility for aligned and physically separated MWNTs has been derived from electron-
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Figure 24. Electron spin susceptibility for a physically separated MWNT film, derived from
electron-spin-resonance (ESR) signals. The data are extracted fromRef. [39].

spin-resonance (ESR) signals. Fig. 24 shows the temperature dependence of the spin sus-
ceptibility for the MWNTS. The data are extracted from Ref. [39]. It is interesting that the
spin susceptibility is independent of temperature between 100 K and 200 K. Below 100
K, the spin susceptibility suddenly turns up and follows a Curie law (∝ 1/T ) below 40 K.
Above 200 K, there appears to be a tendency of increase in the spin susceptibility. From
the magnitude of the spin susceptibility between 100 K and 200 K (6.0×10−9 emu/g), one
finds that the density of states at the Fermi levelN(0) = 2.2×10−3 states/eV atom. The
observed finite density of states below 300 K may argue against the interpretation of super-
conductivity above room temperature in the case ofs-wave gap symmetry. Nevertheless,
the finite density of states is also consistent withs-wave 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. Since the spin
susceptibility for the film sample was measured only up to room temperature, the normal-
state density of states was undetermined. However, if the doping level of thefilm sample
is similar to that for the MWNT mat sample withTc0 = 752 K, the normal-state density
of states in the film sample should be similar to that for the mat sample. Using the de-
ducedβ value from the resistive transition, we have found that the average number of
transverse conduction channels per shell is about 3 for the superconducting MWNTs with
an average outer diameter of 10 nm (see section 2.). ThenN(0) in the normal state is
1.5(2

√
3/π2)(1/γ◦)(aC−C/d̄) (Ref. [20]), whereaC−C = 0.142 nm andγ◦ = 2.4 eV. The

average diameter for all the shells̄d should be a half of the average outer diameter, that is,
d̄ = 5 nm. Substituting these numbers into the above formula yieldsN(0) = 6.2×10−3

states/eV atom. It is clear that theN(0) in the superconducting state is about one third of
that in the normal state, in agreement withs-wave gap symmetry.

The finite spin susceptibility in the superconducting state could be partly due to some
insufficiently doped semiconducting chirality shells which do not undergo thesupercon-
ducting transition. Especially for those semiconducting chirality shells in which the Fermi
level is in the vicinity of the first Van Hove singularity (near the semiconductinggap edge),
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the contribution to the density of states is huge. If one of such shells in a MWNTis present,
the density of states contributed from this shell should be comparable with the measured
value below 300 K. Moreover, since the Fermi level is also very close to themobility edge of
the semiconducting chirality shell, the charge localization at low temperatures is inevitable.
This can naturally explain the upturn of the spin susceptibility below 100 K.

Because the ESR linewidth, which is proportional to the transport scatteringrate, also
shows upturn below 100 K, there should be one type of carriers responsible for the ESR
signals [39]. Since the localized carrier density [39] is only about 1×1018/cm3 while the
mobile carrier density [33] above 100 K is over 2×1019/cm3, the majority of the mobile
carriers must be ESR-silent, that is, the majority of the mobile carriers are bound into spin
singlet pairs.

On the other hand, if there were only one-type of carriers (no superconductivity inter-
pretation), the ESR and Hall effect would measure the same type of carriers. If this were
the case, the Hall coefficient would jump to a very large number below 40 K where all the
carriers are localized [39]. This is in contrast to the Hall coefficient of the same sample,
where no such a jump is seen below 40 K [33]. Moreover, the Fermi energy EF would
be equal ton/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 diamagnetic susceptibility in
the perpendicular field [40] to be at least 1.4×10−5 emu/g, which is significantly larger than
the measured one (< 0.7×10−5 emu/g) [39]. Therefore, there must be two types of carri-
ers; one type of carriers is ESR silent below 300 K due to formation of spin singlet pairs
and the other is from nonsuperconducting tubes. A small increase in the spin susceptibility
above 200 K may be caused by the thermally excited quasiparticles. If this interpretation is
relevant, the minimum superconducting gap is approximately equal to 200 K/0.2 =1000 K,
in good agreement with the tunneling spectrum (see Fig. 16).

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

9. Conclusion

It is well known that copper-based perovskite oxides rightly enjoy consensus as high-
temperature superconductors on the basis of two signatures: the resistive transition and the
Meissner effect. Here we have provided evidence for room-temperature superconductivity
in carbon nanotubes. Although the superconducting transition temperatures can vary from
0.44 K to 750 K, the resistive transitions in these superconducting carbon nanotubes are
in quantitative agreement with the Langer-Ambegaokar-McCumber-Halperin theory. The
quantitative agreement between the resistive transitions and well established quantum the-
ory leaves little room for alternative explanations. Because of a finite number of transverse
conduction channels of these carbon nanotubes, the four-probe resistance will never go to
zero in the superconducting state. This would lead to a false impression that these tubes
are not superconducting. Nonetheless, the on-tube resistance at room temperature has been
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found to be indistinguishable from zero for many individual multi-walled nanotubes. The
very small but finite room-temperature on-tube resistance is consistent with quantum phase
slips due to the finite number of transverse channels. We have also observed the Meiss-
ner effect in aligned and physically separated multi-walled nanotubes up to room temper-
ature. The Meissner effect agrees quantitatively with the predicted magnetic penetration
depth from the measured carrier density. Furthermore, the bundling of individual MWNTs
into closely packed bundles leads to a large enhancement in the diamagnetic susceptibility,
which is the hallmark of the Josephson coupling among the tubes in bundles. Further, Ra-
man data and tunneling spectra consistently show single particle excitation gapsof larger
than 100 meV. Therefore, these results consistently indicate quasi-1D room-temperature
superconductivity in carbon nanotubes.

For practical applications, zero on-tube resistance at room temperatureis required. Al-
though the room-temperature resistivity for individual MWNTs, preparedby arc discharge,
is significantly smaller than that for simple elemental metals, we can further suppress the
resistivity down to nearly zero by bundling these individual tubes into a big closely packed
bundle. But the outer diameters of the tubes should not exceed a critical value above which
the magnitude oftT is not large enough to sustain the Josephson coupling among the tubes
at room temperature. Sufficient doping, effective screening of the long-range Coulomb in-
teraction, and proper bundling are essential to achieve high-temperaturesuperconductivity.
Impurities and disorders tend to destroy superconductivity especially in thecase ofKc <
1.5. It is very likely that theKc of the outermost shell of a MWNT is less than 1.5 ifd
> 15 nm. These tubes, if not clean enough, will undergo the superconductor-to-insulator
transition below a localization temperatureTloc. ForKc > 1.5, such a transition should not
occur and the ground state is always superconducting.
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