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TheThe
 

superconductivitysuperconductivity
 

ofof
 

thethe
 

carboncarbon
 

nanotubesnanotubes
 

poses poses twotwo
 

relevantrelevant
 

questionsquestions::
whenwhen isis thethe dominantdominant interactioninteraction repulsiverepulsive oror attractiveattractive in in thethe nanotubesnanotubes??
how large are the transition temperatures that can be reached?



TRANSPORT PROPERTIES OF CARBON NANOTUBESTRANSPORT PROPERTIES OF CARBON NANOTUBES

WhenWhen
 

thethe
 

thermalthermal
 

energyenergy
 

kTkT
 

isis
 

largerlarger
 

thanthan
 

thethe
 

electronicelectronic
 

levellevel
 

spacingspacing
 

ΔΔEE, , transporttransport
measurementsmeasurements

 
reflectreflect

 
thethe

 
manymany‐‐bodybody

 
propertiesproperties

 
ofof

 
carboncarbon

 
nanotubesnanotubes

TheThe
 

conductanceconductance
 

sufferssuffers
 

a a remarkableremarkable
 

attenuationattenuation
 

as as thethe
 

temperaturetemperature
 

oror
 

biasbias
 

voltagevoltage
isis

 
loweredlowered, , whichwhich

 
isis

 
thethe

 
signaturesignature

 
ofof

 
a novel a novel electronelectron

 
liquidliquid

 
wherewhere

 
thethe

 
quasiparticlesquasiparticles

are are suppressedsuppressed
 

atat
 

thethe
 

Fermi Fermi levellevel

Z. Z. YaoYao

 

et al.et al., , NatureNature

 

402402, , 

273 (1999)273 (1999)

Z. Z. YaoYao

 

et al.et al., , NatureNature

 

402402, , 
273 (1999)273 (1999)



TheThe
 

absenceabsence
 

ofof
 

electronelectron
 

quasiparticlesquasiparticles
 

comes comes fromfrom
 

thethe
 strongstrong

 
correlationcorrelation

 
ofof

 
thethe

 
1D 1D electronelectron

 
systemsystem, , wherewhere

 
thethe

 slightestslightest
 

interactioninteraction
 

destroysdestroys
 

thethe
 

Fermi Fermi liquidliquid
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TRANSPORT PROPERTIES OF CARBON NANOTUBESTRANSPORT PROPERTIES OF CARBON NANOTUBES

TheThe
 

hamiltonianhamiltonian
 

forfor
 

a a densitydensity‐‐densitydensity
 

interactioninteraction

can be can be diagonalizeddiagonalized
 

by a canonical by a canonical transformationtransformation
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UnderUnder
 

veryvery
 

general general conditionsconditions, , thethe
 

excitationsexcitations
 

ofof
 

thethe
 

1D 1D electronelectron
 

liquidliquid
 

areare
 givengiven

 
by by chargecharge

 
densitydensity

 
fluctuationsfluctuations

 
representedrepresented

 
by           by           andand

 
((andand

 spinspin
 

densitydensity
 

fluctuationsfluctuations
 

withwith
 

correspondingcorresponding
 

operatorsoperators
 

).).
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TheThe
 

propertiesproperties
 

ofof
 

thethe
 

liquidliquid
 

are are characterizedcharacterized
 

basicallybasically
 

by  by  KK
 

andand
 

,  ,  

TheThe
 

electronelectron
 

propagatorpropagator
 

doesdoes
 

notnot
 

show show wellwell‐‐defineddefined
 

quasiparticlesquasiparticles::

( )( ) )~/(  ~  )0,0()0,0(),(),( 222 tvxKtxtx FRLRL −++ ρρρρ

andand
 

thethe
 

densitydensity
 

ofof
 

statesstates
 

nearnear
 

thethe
 

Fermi Fermi levellevel
 

becomesbecomes

ThisThis
 

behaviorbehavior
 

characterizescharacterizes
 

thethe
 

soso‐‐calledcalled
 

TomonagaTomonaga‐‐LuttingerLuttinger
 

liquidliquid. . TheThe
 

powerpower‐‐lawlaw
dependencesdependences

 
provideprovide

 
distinctivedistinctive

 
signaturessignatures

 
thatthat

 
can be can be testedtested

 
experimentallyexperimentally..
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SUPERCONDUCTIVITY IN NANOTUBE ROPESSUPERCONDUCTIVITY IN NANOTUBE ROPES
ThereThere

 
isis

 
howeverhowever

 
somethingsomething

 
more more thanthan

 
repulsionrepulsion

 
in in thethe

 
nanotubesnanotubes. . ByBy

 
usingusing

superconductingsuperconducting
 

contactscontacts, , supercurrentssupercurrents
 

havehave
 

beenbeen
 

observedobserved
 

in in nanotubenanotube
 

ropesropes

TheThe
 

temperaturetemperature
 

dependencedependence
 

ofof
 

thethe
 

supercurrentssupercurrents
 

isis
 

quite quite unusualunusual,,

A. A. KasumovKasumov

 

et al.et al., , 

ScienceScience

 

284284,  1508 (1999),  1508 (1999)

butbut
 

itit
 

can be can be explainedexplained
 

as a as a resultresult
 

ofof
 

thethe
 

propagationpropagation
 

ofof
 

thethe
 

CooperCooper
 

pairspairs
 

alongalong
thethe

 
nanotubenanotube

 
(J. G., (J. G., PhysPhys. Rev. . Rev. LettLett. . 8787, 136401 (2001))., 136401 (2001)).
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ItIt
 

has has beenbeen
 

eveneven
 

more more remarkableremarkable
 

thethe
 

observationobservation
 

ofof
 

superconductingsuperconducting
 

transitionstransitions
 

in in 
nanotubenanotube

 
ropesropes..

TheThe
 

transitiontransition
 

isis
 

notnot
 

observedobserved
 

in in allall
 

thethe
 

ropesropes,,
andand

 
apparentlyapparently

 
itit

 
requiresrequires

 
severalseveral

 
conditionsconditions::

thethe nanotubenanotube lengthlength mustmust be be sufficientlysufficiently
largelarge

 
((largerlarger

 
thanthan

 
thethe

 
coherencecoherence

 
lengthlength) ) toto

makemake
 

roomroom
 

forfor
 

thethe
 

CooperCooper
 

pairspairs
thethe numbernumber ofof nanotubesnanotubes in in thethe roperope mustmust
be be aboveabove

 
a a certaincertain

 
valuevalue, , otherwiseotherwise

 
thethe

transitiontransition
 

may may notnot
 

be be completedcompleted
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SUPERCONDUCTIVITY IN NANOTUBE ROPESSUPERCONDUCTIVITY IN NANOTUBE ROPES
TheThe

 
sourcesource

 
ofof

 
thethe

 
attractiveattractive

 
interactioninteraction

 
comes comes fromfrom

 
thethe

 
couplingcoupling

 
toto

 
phononsphonons

TheThe
 

electronelectron‐‐phononphonon
 

couplingscouplings
 

areare

F
DD

vJg
  1.0  ~  ||  ~  

||
  ~ 2

22
,

μωω
λ βα ∇

eV  2.0   ~ ≈Dk ωω

z

acousticacoustic phononsphonons:                                :                                atat lowlow momentummomentum‐‐transfertransfer, , andand retardationretardation
effectseffects are are importantimportant ((exceptexcept forfor ) ) 

opticaloptical phononsphonons:                                     , :                                     , forfor whichwhich thethe orderorder ofof magnitudemagnitude ofof thethe
phononphonon‐‐mediatedmediated interactioninteraction isis
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TheThe
 

CoulombCoulomb
 

interacciinteraccióón                                           n                                           isis
 

dominantdominant
 

in individual in individual nanotubesnanotubes.  .  
In In thethe

 
ropesropes, , itit

 
may may couplecouple

 
a a largelarge

 
numbernumber

 
NN

 
ofof

 
nanotubesnanotubes

)/log(  ~ )( 2 kkekV cC

In In armchairarmchair
 

nanotubesnanotubes, , forfor
 

instanceinstance,          ,          
andand

 
actact

 
in in differentdifferent

 
channelschannels::CV effV
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SUPERCONDUCTIVITY IN NANOTUBE ROPESSUPERCONDUCTIVITY IN NANOTUBE ROPES

In the
 

case of
 

a superconducting
 

correlation
 

function, 

F
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thethe phononphonon‐‐mediatedmediated interactioninteraction isis anan intratubeintratube effecteffect thatthat operatesoperates in in NN
differentdifferent channelschannels, , wherewhere NN isis thethe numbernumber ofof metallicmetallic nanotubesnanotubes in in thethe roperope
thethe CoulombCoulomb interactioninteraction operatesoperates in a single in a single channelchannel, , correspondingcorresponding toto
thethe

 
total total chargecharge, , thereforetherefore

 
itsits

 
effectseffects

 
are are stronglystrongly

 
suppressedsuppressed

 
atat

 
largelarge

 
NN

(J. G., (J. G., PhysPhys. Rev. . Rev. LettLett. . 8888, 76403 (2002)), 76403 (2002))
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NegativeNegative
 

valuesvalues
 

ofof
 

γγ
 

implyimply
 

thethe
 

divergencedivergence
ofof

 
thethe

 
correlatorcorrelator

 
atat

 
kk

 
= = ωω

 
= 0 ,  = 0 ,  andand

 
a a phasephase

withwith
 

potentialpotential
 

superconductingsuperconducting
 

instabilityinstability
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SUPERCONDUCTIVITY IN NANOTUBE ROPESSUPERCONDUCTIVITY IN NANOTUBE ROPES

In a In a disordereddisordered
 

roperope, , thethe
 

tunnelingtunneling
 

amplitudeamplitude
 

betweenbetween
 

nanotubesnanotubes
 

isis
 

quite quite smallsmall::

HoweverHowever, , atat
 

temperaturetemperature
 

TT
 

≠≠
 

00
 

the superconducting the superconducting 
correlationscorrelations

 
do do notnot

 
show a real show a real divergencedivergence, , andand

 
thethe

developmentdevelopment
 

ofof
 

anan
 

instabilityinstability
 

requiresrequires
 

thethe
 

tunnelingtunneling
ofof

 
CooperCooper

 
pairspairs

 
betweenbetween

 
differentdifferent

 
tubestubes

 
in a in a roperope..

eV 105.0 ~ 0.005~ 4−×TSP tt

01.0~ )/( ~ 2
FTCP vRtw

((fromfrom

 

A. A. ThessThess

 

et al.et al., , ScienceScience

 

273273, 483 (1996)), 483 (1996))

withwith
 

a a relativerelative
 

weightweight

In In contrastcontrast, , thethe
 

tunnelingtunneling
 

ofof
 

thethe
 

CooperCooper
 

pairspairs
 

isis
 

notnot
 

affectedaffected
 

by by thethe
 

compositionalcompositional
disorderdisorder



SUPERCONDUCTIVITY IN NANOTUBE ROPESSUPERCONDUCTIVITY IN NANOTUBE ROPES

TheThe
 

full full CooperCooper
 

pairpair
 

propagatorpropagator
 

in in thethe
 

roperope
dependsdepends

 
onon

 
thethe

 
positionposition

 
ofof

 
thethe

nanotubesnanotubes
 

andand
 

in in thethe
 

transversetransverse
 

sectionsection

)0,0()0(1
)0,0(  )0;0,0(~

)0(
2

)0(

D
DD
λ−

=

ForFor
 

thethe
 

FourierFourier
 

transformtransform
 

wewe
 

havehave

TheThe
 

descriptiondescription
 

has has toto
 

be be completedcompleted
 

withwith
 

CooperCooper
 

pairpair
 

hoppinghopping
 

betweenbetween
 

nanotubesnanotubes::

),;,( bak llkD ω

(J. G., (J. G., PhysPhys. Rev. . Rev. LettLett. . 8888, 76403 (2002)), 76403 (2002))
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The pole in                    is
 

the
 

signature
 

of
 

a superconducting
transition. The

 
critical

 
temperature

 
can be computed

 
taking

into
 

account
 

that
 

the
 

correlations
 

are cut
 

off
 

at
 

kT
 

about
one

 
order

 
of

 
magnitude

 
below

)0;0,0(~D

LvF /

L L ≈≈
 

1 1 μμmm

eV) 1.0 (×



(J. V. Alvarez and J. G., PRL 91, 076401 (2003))

SUPERCONDUCTIVITY IN NANOTUBE ROPES

When
 

intertube
 

coherence
 

is
 

not
 

achieved, exotic
 

phases
 

may arise
 

from
 

the
 

strong
correlation, due

 
to

 
either

 
the

 
decoupling

 
of

 
the

 
metallic

 
nanotubes

 
in the rope or

the
 

onset
 

of
 

phase
 

separation
 

under
 

very
 

strong
 

attraction

undopedundoped

 

armchairarmchair undopedundoped

 

zigzig‐‐zagzag

)/4( FvG πλ≡



SMALLSMALL‐‐DIAMETER NANOTUBESDIAMETER NANOTUBES
ThereThere

 
havehave

 
beenbeen

 
hopeshopes

 
thatthat

 
in in nanotubesnanotubes

 
ofof

 
minimumminimum

 
radiusradius

 
RR

 
0.2 0.2 nmnm

 
thethe

superconductingsuperconducting
 

correlationscorrelations
 

couldcould
 

be be enhancedenhanced

SmallSmall‐‐diameterdiameter
 

nanotubesnanotubes
 

havehave
 

beenbeen
 

synthesizedsynthesized
 

in in thethe
 

channelschannels
 

ofof
 

a a zeolitezeolite
 

matrixmatrix, , 
andand

 
evidenceevidence

 
ofof

 
superconductivitysuperconductivity

 
has has beenbeen

 
claimedclaimed

 
((pseudogappseudogap, , diamagneticdiamagnetic

susceptibilitysusceptibility). ). HoweverHowever,,

Z. K. Z. K. TangTang

 

et al.et al., , 

ScienceScience

 

292292,  2462 (2001),  2462 (2001)

≈

although although thethe
 

electronelectron‐‐phononphonon
 

couplingscouplings
 

mustmust
 

bebe
enhancedenhanced

 
duedue

 
toto

 
thethe

 
largelarge

 
curvaturecurvature

 
ofof

 
thethe

 
tubestubes,,

in in thethe arrayarray ofof nanotubesnanotubes, , therethere can be can be onlyonly aa
moderatemoderate

 
screeningscreening

 
ofof

 
thethe

 
CoulombCoulomb

 
interactioninteraction

thethe intertubeintertube tunnelingtunneling mustmust be be negligiblenegligible, , whatwhat
preventsprevents

 
thethe

 
developmentdevelopment

 
ofof

 
a a truetrue

 
condensatecondensate



SMALLSMALL‐‐DIAMETER NANOTUBESDIAMETER NANOTUBES
ThereThere

 
are are twotwo

 
geometriesgeometries

 
consistentconsistent

 
withwith

 
a a radiusradius

 
RR

 
0.2 0.2 nmnm, , namelynamely

 
thethe

armchairarmchair
 

(3,3) (3,3) andand
 

thethe
 

zigzig‐‐zagzag
 

(5,0) (5,0) nanotubesnanotubes. . TheThe
 

latterlatter
 

havehave
 

a a largelarge
 

densitydensity
 

ofof
statesstates

 
atat

 
thethe

 
Fermi Fermi levellevel,,

≈

but different computational methods have shown that but different computational methods have shown that 
they do not support large superconducting correlationsthey do not support large superconducting correlations

D. D. ConnConnéétabletable et al.et al., PRL , PRL 9494, 015503 (2005), 015503 (2005)

J. G. and E. J. G. and E. PerfettoPerfetto, PRB , PRB 7272, 205406 (2005), 205406 (2005)

The The pseudogappseudogap
 

may well be the consequence of the breakdown of the may well be the consequence of the breakdown of the LuttingerLuttinger
 

liquid liquid 
behavior when any of the behavior when any of the KK’’ss

 
becomes singular at small becomes singular at small TT,,

∑ −+
a aa KKn 8/)2/1( ~ )( εε

while the diamagnetism may be also the consequencewhile the diamagnetism may be also the consequence
of an enhanced susceptibility for orbital currents.of an enhanced susceptibility for orbital currents.

(J. G., PRB (J. G., PRB 7272, 073403 (2005)), 073403 (2005))



SUPERCONDUCTIVITY IN MULTISUPERCONDUCTIVITY IN MULTI‐‐WALLED NANOTUBESWALLED NANOTUBES
More recently, abrupt transitions have been observed in the resiMore recently, abrupt transitions have been observed in the resistance of multistance of multi‐‐wallwall
nanotubesnanotubes,  at temperature ,  at temperature TT

 
~ 10 K,~ 10 K,

TheseThese
 

MWNT MWNT havehave
 

beenbeen
 

synthesizedsynthesized
 

in in thethe
 

channelschannels
 

ofof
 

anan
aluminaalumina

 
templatetemplate, , andand

 
thethe

 
observationobservation

 
ofof

 
thethe

 
transitiontransition

seemsseems
 

toto
 

requirerequire
 

thethe
 

contactcontact
 

toto
 

mostmost
 

partpart
 

ofof
 

thethe
 

shellsshells
 

in in thethe
nanotubenanotube

 
((entireentire

 
““endend‐‐bondingbonding””).).

I. I. TakesueTakesue

 

et al.et al., , PhysPhys. Rev. . Rev. LettLett. . 9696, , 

 057001 (2006)057001 (2006)

OtherwiseOtherwise, , whenwhen
 

therethere
 

isis
 

onlyonly
 

partialpartial
 

endend‐‐bondingbonding, , thethe
transitiontransition

 
doesdoes

 
notnot

 
taketake

 
place, place, andand

 
therethere

 
isis

 
onlyonly

 
evidenceevidence

ofof
 

a a dipdip
 

superposedsuperposed
 

toto
 

thethe
 

broadbroad
 

peakpeak
 

in in thethe
 

plotplot
 

ofof
 

dVdV//dIdI
 

..

All this is in contrast to the case of conventional bulkAll this is in contrast to the case of conventional bulk‐‐junctions,junctions,
where the behavior of  where the behavior of  dVdV//dIdI

 
isis

 
monotonousmonotonous

 
withwith

 
temperaturetemperature..



SUPERCONDUCTIVITY IN MULTISUPERCONDUCTIVITY IN MULTI‐‐WALLED NANOTUBESWALLED NANOTUBES

TheThe
 

carboncarbon
 

latticeslattices
 

ofof
 

nearestnearest
 

shellsshells
 

are are notnot
commensuratecommensurate

 
in general, in general, whichwhich

 
places a places a 

severesevere
 

constraintconstraint
 

in singlein single‐‐electronelectron
 

tunnelingtunneling. . 
TheThe

 
tunnelingtunneling

 
ofof

 
CooperCooper

 
pairspairs

 
((zerozero

 
total total 

momentummomentum) ) remainsremains
 

howeverhowever
 

unaffectedunaffected, , andand
may may openopen

 
thethe

 
3D 3D coherencecoherence

 
in in thethe

 
MWNT.MWNT.

The MWNT are good candidates The MWNT are good candidates 
to support superconducting to support superconducting 
behavior sincebehavior since

 
upon doping they upon doping they 

may have many may have many subbandssubbands
 

crossing crossing 
the Fermi level (large screening of the Fermi level (large screening of 
the Coulomb interaction).the Coulomb interaction).



SUPERCONDUCTIVITY IN MULTISUPERCONDUCTIVITY IN MULTI‐‐WALLED NANOTUBESWALLED NANOTUBES

In the shells of the MWNT, the electronIn the shells of the MWNT, the electron‐‐phonon interactionphonon interaction
is much weaker than in singleis much weaker than in single‐‐walled walled nanotubesnanotubes, leading , leading 
to a coupling of the phononto a coupling of the phonon‐‐mediated interaction  mediated interaction  λλ

 
~ 1/~ 1/RR

 
..

In the manifold of Fermi points, however, the CoulombIn the manifold of Fermi points, however, the Coulomb
interaction is screened interaction is screened anisotropicallyanisotropically, which may open a, which may open a
channel of attraction.channel of attraction.

The CooperThe Cooper‐‐pair vertex can be expanded in a basis of the irreducible represpair vertex can be expanded in a basis of the irreducible representations entations 
of the symmetry group of the manifold of Fermi points:of the symmetry group of the manifold of Fermi points:

(E. (E. PerfettoPerfetto

 

and J. G., PRB and J. G., PRB 7474, , 

 201403(R) (2006))201403(R) (2006))
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It
 

can be checked
 

that, as long as the
 

e‐e
 

interaction
gets

 
less

 
screened
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momentum‐transfer

 
in the

transverse
 

direction
 

becomes
 

larger, the
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scattering

 
develops
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interaction

 
in the

sin(θ)  channel
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SUPERCONDUCTIVITY IN MULTISUPERCONDUCTIVITY IN MULTI‐‐WALLED NANOTUBESWALLED NANOTUBES

Once Once wewe
 

havehave
 

a a negativenegative
 

couplingcoupling
 

in a in a givengiven
 

channelchannel
 

ofof
 

thethe
 

manifoldmanifold
 

ofof
 

Fermi Fermi pointspoints, , 
thethe

 
attractiveattractive

 
interactioninteraction

 
isis

 
enhancedenhanced

 
fromfrom

 
thethe

 
delocalizationdelocalization

 
ofof

 
thethe

 
CooperCooper

 
pairspairs

 
in in thethe

differentdifferent
 

subbandssubbands
 

andand
 

nanotubenanotube
 

shellsshells

This effect can be studied precisely analyzing the This effect can be studied precisely analyzing the 
scaling of the different couplings, to conclude that the scaling of the different couplings, to conclude that the 
CooperCooper‐‐pair susceptibility diverges at a critical scale pair susceptibility diverges at a critical scale 
that depends essentially on the number of Fermi points that depends essentially on the number of Fermi points 
(in practice above 12 per shell) (in practice above 12 per shell) 

(E. (E. PerfettoPerfetto

 

and J. G., PRB and J. G., PRB 7474, 201403(R) (2006)), 201403(R) (2006))

The
 

critical
 

scale
 

of
 

superconductivity
 

has in general 
abrupt

 
jumps

 
at

 
the

 
opening

 
of

 
new

 
subbands, reflecting

the
 

divergences
 

in the
 

density
 

of
 

states.   



In conclusion,In conclusion,
there are good perspectives to observe superconductivity in carbthere are good perspectives to observe superconductivity in carbonon
nanotubesnanotubes, but the quality of the contacts seems to be essential (in , but the quality of the contacts seems to be essential (in 

 ropes as well as in MWNT)ropes as well as in MWNT)
there is also the question of how the superconductivity of MWNT there is also the question of how the superconductivity of MWNT 
is related to that of doped graphite (intercalated compoundis related to that of doped graphite (intercalated compounds)s)
finally, there is the question of the maximum transition temperafinally, there is the question of the maximum transition temperaturestures
that can be reached, and whether they can match those of ththat can be reached, and whether they can match those of the e 
alkaline salts of fullerenesalkaline salts of fullerenes
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