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Quantitative test of a quantum theory for the resistive transition in a superconducting
single-walled carbon nanotube bundle
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The phenomenon of superconductivity depends on the coherence of the phase of the superconducting order
parameter. The resistive transition in quasi-one-dimensional superconductors is broad because of a large phase
fluctuation. We show that the resistive transition of a superconducting single-walled carbon nanotube bundle is
in gquantitative agreement with the Langer-Ambegaokar-McCumber-HalgeAiNMH ) theory. We also dem-
onstrate that the resistive transition berT@i:O.Bgl'co is simply proportional to e>{p(3ﬂT§/T)(1—T/T2)3’2],
where the barrier height has the same form as that predicted by the LAMH theofl,@igdthe mean-field
superconducting transition temperature.
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The phenomenon of superconductivity depends on the cazhannels of the bundiés around 200, which is significantly
herence of the phase of the superconducting order paramet&swer than that for the ultrathin wires of amorphous
The phase coherence of the superconducting order parametdoGe#° Here, we show that the resistive transition of this
leads to the zero-resistance state. For three-dimensi8Dal  nanotube bundle is in quantitative agreement with the
bulk systems, the transition to the zero-resistance state o¢AMH theory. We also demonstrate that the resistive
curs right below the mean-field superconducting transitionransition below TZ=0-89rco is simply proportional to
temperatur@ ; such that the resistive transition is very sharpexd_(ggT’;/T)(l_T/T;)S/Z], where the barrier height has
and the transition width is negligibly small. In contrast, therethe same form as that predicted by the LAMH theory.
should be a finite width in the resistive transition in quasi- |n the theory developed by Langer, Ambegaokar, Mc-
one-dimensional(quasi-10 superconductors with a finite cumber and Halperihphase slips occur via thermal activa-
number of transverse channels. An important quantum theoryon, leading to a finite width for the resistive transition. The
to describe the resistive transition in quasi-1D superconducesistance due to the TAPS is given’by
ors was developed by Langer, Ambegaokar, McCumber, and
Halperin(LAMH ) over 30 years agbThe theory is based on Q
thermally activated phase sliggAPS), which cause the re- Rra= E@exd'AFo(T)/ keT], (1)
sistance to decrease to zero exponentially. Experiments to
test this theory were done by Lukeasal? and Newbower where the attempt frequendy ist
et al® on tin whiskers. These are single-crystal, cylindrical —
specimens, typically~0.5 um in diameter. The agreement Q= V3 L JARy(T) 1 2
between the data and theory seems satisfactory although the T omdl2g keT 7oL
specimens are not truly quasi-1D superconductors. Recently,
great experimental efforts have been made to fabricate ultradereL is the length of the wire(T) is the coherence length,
thin superconducting wires of amorphous MoGe, whose diand#/ 7 =(8/m)kg(Te—T). The barrier energAF,(T) is
ameter can be smaller than 10 AmAlthough there are still _
several thousand transverse conduction channels in these ul- _8V2 Hﬁ(T)
trathin wires, the resistive transitions appear to agree with a AFo(T) = 3 8» AL, (3
model that includes both thermally activated phase slips
close toTy, and quantum phase slips at low temperatéires. whereH2(T)/8 is the condensation energyis the cross-

It has been shown that the electronic structure of indisection area of the wire, and the critical field nday is
vidual single-walled carbon nanotub€WNT9 has 1D na- given by H(T)=1.7H.(0)(1-T/T,) within the BCS
ture. The carbon nanotubes can be metallic or semiconductheory? Using &(T)=£&(0)(1-T/T) Y27 we then have
ing, depending on their chiralities. The metallic individual

carbon nanotubes should be ideal 1D superconductors if AF(T) _ 3cTy T \%2

there are significant pairing interactions that overcome direct keT T 1- To) 4
Coulombic interaction between conduction electrons. Bun-

dling these ideal 1D superconductors will lead to the forma-where

tion of a quasi-1D superconducting wire with a much smaller _

superconducting fluctuation. Indeed, quasi-1D superconduc- _AF,(0) 8y2 HZ(0)

tivity below 0.5 K has been observed in a bundle of single- T okgTo TgkaTcoAf(o)' )

walled carbon nanotubes, which consists of about 350 tubes
with mixed chiralities® The number of transverse conduction Combining the above equations, we finally get
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wherem is in units of k) K¥2 We would like to mention 2t 1
that the exponent in E@6) is a factor of 3 larger than that in i '
a similar formula deduced in Ref. 5. It is possible that the 0l—rw= B L
0 01 02 03 04 05 0

authors in Ref. 5 missed the prefactor of 1.73HgT). 6 07

The condensation energy at zero temperatHﬁéO)/Sw,
is equal toN(0)A?(0)/2 within the BCS theory, wheri(0) FIG. 1. The temperature dependence of the two-probe resistance
is the density of states near the Fermi level &{@) is the  for a SWNT bundle that consists of about 350 tubes. The data are
superconducting gap at zero temperature. For a single metadxtracted from Ref. 6.
lic SWNT with two transverse channels,N(0)A
=4/3mac cyo® hwe=1.5c ¥, Wherey, is the hopping in- The value ofN,, can also be deduced from the measured
tegral andac.c (0.142 nm is the bonding length. Using the current! at which the last resistance jump occurs. The
BCS relationsépcs=five/ mA(0) and A(0)/kgTep=1.76, and  corresponds to the critical current for a superconducting wire

T(K

the above relations, one can readily show that without disorder and with the same number of transverse
5 channel$ According to the BCS theory, the mean-field criti-
c=0.68§( )_ ®) cal current in the clean_ limit is given By 1.(0)
&acs =enAA(0)/nke. The superfluid densityy is equal to the

normal-state carrier densityn which is given by n
=2N,N(0)Eg=2NN(0)ivgke=4Nke/ Amr. Here we have
used the relations for a single metallic tub&t(0)A

If a bundle of single-walled nanotubes or a multiwalled
nanotube consists &, transverse channels, then

g(o) =4/3’7Tac_c’}/o, ﬁv,:=1.5ac_c'yo, . and EzﬁUF|k|. USing
c= O.34\lch§—. 9) A*(O)/kBTcoz 1.76, we finally get =7.0&gT N,/ eRy. With
BCS [.=2.4 uA (Ref. § and T=0.44 K, we haveN,,=116, in

For two-probe or four-probe measurements on carbofiemarkably good agreement with the value deduced above.
nanotubes with finite transverse channels, the total resistance In Fig. 2, we fitted the resistance data below T @&y
is R(T) =Ry +Rype WhereR, e is the on-tube resistance and 34T, T\32
Ro=R:=Rq/tNgy, (tunneling resistangefor four-probe mea- R=Ry+ aexp[— —°< - ) ] (10
surements, 0rRy,=Rq/tNy,+R; for two-probe measure- T

ments:® Here t is the transmission coefficierit<1), Ry Here the first term is the sum of the tunneling and contact

=h/26?=12.9 K is the resistance quantum, af is the  resistances discussed above, and the second term is the on-
contact resistance. BotR; and R, should be temperature

independent. For ideal contact®.=0 and t=1, so R,
=12.9 K)/Ng, for a bundle comprisind\.;, transverse chan-
nels. For quasi-1D systembl, is always finite such that
R(T) never goes to zero even if the on-tube resistance is zero.
Only if N¢, goes to infinity, as in bulk 3D systems, ddes
become zero such that the four-probe resistance can go to
zero below the superconducting transition temperature.
Figure 1 shows the two-probe resistance data for a SWNT
bundle that consists of about 350 tul§e3ne can see that the
resistance starts to drop below about 0.5 K, decreases more
rapidly belowT,=0.44 K and saturates to a value of 74
From the saturated value ;=74 (), and the relatiorR,
=Ro/tNgp+ R, one can easily find that more than 174 trans-
verse channels are connected to the electrodes and participate
in electrical transport. This implies that more than 87 g 2. The temperature dependence of the two-probe resistance
metallic-chirality superconducting SWNTSs take part in €lec-for 3 SWNT bundle below 0.88,. The solid line is the curve best
trical transport. Considering the fact that one-third of theitted by Eq.(10) with 5=2.99+0.05 andr,=0.394+0.002 K. Re-
tubes should have metallic chiralities and become superconfucing or increasing the temperature region for the fit tends to
ducting, we find the total numbé&N,,) of the superconduct- worsen the fit quality. It is striking that the on-tube resistance below
ing tubes to be 117, implying that0.74. 0.88T, decreases exponentially to zero.
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0.8 T markable that the value afis nearly the same as the value
of 8(2.99+£0.03 deduced above from a simple exponential
o6l SWNT bundle ] fit [Eq. (10)]. We will see below that the fitting parameters

andm are in quantitative agreement with the LAMH theory.
From the values ofm, c, and Ty, we can evaluate the

g

2 04r ] zero-temperature coherence length) using Eq.(7). Sub-

= stituting m=26.6 K2 K5, ¢=3.08, T,=0.44 K, and L
o2l ] =10000 A into Eq.(7), we obtain£(0)=850 A. From the

measuredRy(0.25K)/L=12 kQ)/ um (Ref. 6) and the relation
00 Ru/L=Rq/2N,|,"® we can calculate the mean free patat
'0_05 0.10 0.15 020 0.25 0.30 0.25 K. With Nm: 117, we get|:46 A SubStItutlngl
T (K) =46 A and &0)=850 A into the dirty-limit formuld! &0)
=0.85/¢égcd, We have &gcs=21739A. With &gcg
FIG. 3. The temperature dependence of the two-probe resistancep1 739 A, £(0)=850 A, andN.,=2N,,=334, we calculate
for a SWNT bundle below 0.0R. The solid line is the curve fitted ~=3 11 from Eq.(9). It is remarkable that the calculated

to the data below 0.0% by Eq. (11) predicted by the LAMH 51,6 ofc from Eg.(9) is in quantitative agreement with the
theory. The estimated region of validity for the LAMH theory is value (3.08 deduced from the fitting

below 0.0Ry for dirty wires wherel < &g (Ref. 11). The condi-
tion of | < &gcsis well satisfied in the SWNT bundigee texxt

We can also estimate the Fermi velocity from the de-
duced value ofégc5 and the formulaégcs=0.181vp/KgT 0.
With &cs=21739 A and T,=0.44 K, we get %
tube resistance which has a similar exponential dependences 6 ev A. Then we estimatey,=2.16 eV from fvg
onT as Eq.(6) but with a temperature-independent prefactor.= 1 5. ... This value is very close to an independent esti-
We can see that th*e fit is excellent with the f|tt|ng parametef‘nate(z_ZG e\b from the measured Semiconducting gap for a
B8=2.99+0.05 and ;=0.394+0.002 K. Reducing or increas- d=1.34 nm SWNT#
ing the temperature region for the fit tends to worsen the fit The deduced value of(0)=850 A is also in excellent
quality. Therefore, the on-tube resistance goes to zero expegreement with the measured critical currdgtfor this

nentially belowT,=0.89T. The microscopic origin of this  SWNT bundle. For a diffusive superconducting wire, the
simple exponential dependence up to 0.89s not clear, SO critical currentl,, is given by

we consider Eq(10) only as an empirical formula.
We also tried to fit the resistance below OTg8by
_A(0) L

9/4 3/2 le= . 12
R:Ro+%<l—Tl) exp[—sC—TTCO<1—Tl> } eRy £(0) (12
c0 c0

(1) Using A(0)=1.76T, and substituting Ry(0.1 K)/L

Here the second term is the on-tube resistance which is tre12.5 K2/ um (Ref. 6 and &0)=850 A into Eq.(12), we
same as Eq6) predicted by the LAMH theory. We find that find [.=62.4 nA, which is very close to the measured value
the fit is not good and the fitting parameters have no quanti¢62 nA) at 0.1 K®
tative agreement with the LAMH theory. This is because the We would like to mention that, in deriving all the formu-
LAMH theory applies only to the temperature region wherelas above, we have used the BCS weak-coupling theory. The
the barrier height is far larger thdgT so that the current- validity of the use of the BCS weak-coupling theory might
carrying states involved are truly metastabl@he estimated be questionable considering that the system may exhibit Lut-
region of validity for the LAMH theory is below 0.0%, for tinger liquid physics in the normal statiédowever, the quan-
dirty wires where the mean free path< &gt For the titative agreement between the data and theory suggests that
SWNT bundle, the condition df< &z¢sis well satisfied, as the mean-field BCS weak-coupling theory should be valid
seen below. In Fig. 3, we fitted the resistance data belovfor this material. This may also imply that the Josephson
0.06R\ by Eg.(11). Here we have ignored the normal con- coupling among the tubes should be strong enough to lead to
duction becaus®&q, is a factor of about 20 smaller thay,. a mean-field transition.
We have also neglected the finite resistaRggs caused by In summary, we have shown that the observed resistive
quantum phase sligg.Because this resistance is small andtransition of a superconducting carbon nanotube bundle is in
has a much weaker temperature dependéheeg cannot quantitative agreement with the LAMH theory. We have also
differentiate between the contact resistance Ragdsin a  demonstrated that the resistive transition belBw 0.90T
narrow temperature region. is simply proportional to eXp-(38T./T)(1-T/T,)%?], where

One can see that the fitting is very good with the fittingthe barrier height has the same form as that predicted by the
parametersn=26.6+4.7 K) K> andc=3.08+0.13. It is re- LAMH theory.
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