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Superconductivity in 4
Angstrom Single-Walled Carbon

Nanotubes

Z. K. Tang, Lingyun Zhang, N. Wang, X. X. Zhang, G. H. Wen,
G. D. Li, ). N. Wang, C. T. Chan, Ping Sheng*

Investigation of the magnetic and transport properties of single-walled small-
diameter carbon nanotubes embedded in a zeolite matrix revealed that at
temperatures below 20 kelvin, 4 angstrom tubes exhibit superconducting be-
havior manifest as an anisotropic Meissner effect, with a superconducting gap
and fluctuation supercurrent. The measured superconducting characteristics
display smooth temperature variations owing to one-dimensional fluctuations,
with a mean-field superconducting transition temperature of 15 kelvin. Sta-
tistical mechanic calculations based on the Ginzburg-Landau free-energy func-
tional yield predictions that are in excellent agreement with the experiments.

Superconductivity in organic conductors was
first reported in pressurized quasi—one-di-
mensional (1D) tetramethyltetraselenafulva-
lene (TMTSF) Bechgaard salt (TMTSF),PF
(1, 2). After the discovery of the fullerenes,
superconductivity was observed in alkali met-
al-doped crystals of C, (3, 4). More recently,
hole-doped Cy, crystals were shown to be su-
perconducting at 52 K (5). Carbon nanotubes
have also been observed to pass supercurrents
between superconducting leads, owing to the
proximity effect (6). In view of these findings,
a natural question is: Can pure carbon be su-
perconducting in any of its many forms (7)?
We report the observation of 1D super-
conductivity in single-walled 4 A carbon
nanotubes, fabricated by pyrolyzing tripro-
pylamine in the channels of the zeolite crys-
tals AIPO,-5 (AFI) (8). These nanotubes
have been observed directly by transmission
electron microscopy (9), as well as indirectly
by diffuse x-ray scattering (/0) and micro-
Raman measurements of the nanotube breath-
ing mode (/7). The data consistently indicate
a nanotube diameter of 4.2 * 0.2 A, probably
at or close to the theoretical limit. Because
the single-walled nanotubes (SWNTs) are
formed inside the ordered channels of AFI,
they are highly aligned and uniform in size,
and because the SWNTs are isolated from
each other, they constitute an almost ideal 1D
system. The data (12) are consistent with the
manifestations of a 1D BCS (phonon-medi-
ated) superconductor with a mean-field 7’9 =
15 K and (zero temperature) coherence length
&, =~ 4.2 nm along the tube direction.
Temperature-dependent magnetic suscep-
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tibilities for all of the samples were obtained
with the Quantum Design superconducting
quantum interference device magnetometer
(MPMS-5S) equipped with a 5-T magnet.
Two samples were measured. Sample A, used
for background deduction, consists of colum-
nar zeolite crystallites about 300 wm long and
100 wm in diameter. Sample B is composed
of similar crystallites but with nanotubes
formed inside their channels. For both sam-
ples, the ¢ axes of the crystallites were
aligned by hand to form a parallel array and
fixed. It is estimated that there is a maximum
error of *10° in the alignment. Both samples
were dried and weighed.

Both samples were characterized mag-
netically by the same procedure. The sam-
ples were first cooled to 1.8 K, and then a
magnetic field was applied. The magneti-
zation was measured as a function of tem-
perature while warming from 1.8 to 50 K.
The measurements were repeated by cool-
ing with the applied field. At each temper-
ature, the magnetization was measured af-
ter the temperature was stabilized for 60 s.
The results of zero-field—cooled and field-
cooled measurements are almost identical
(Fig. 1) (13). The measured magnetization
of sample A is isotropic with respect to the
field orientation and exhibits a small, tem-
perature-independent diamagnetic compo-
nent plus a paramagnetic component that
follows an excellent Curie-Weiss law (Fig.
1, inset).

For sample B, the measured magnetiza-
tion is anisotropic with respect to the field
orientation (/4). After a simple deduction of
the pure zeolite crystallite contribution (using
the data obtained from sample A) and nor-
malizing to the nanotube volume, the temper-
ature dependence of the SWNTs’ magnetic
susceptibility is shown for five values of
applied field perpendicular to the ¢ axes (Fig.
1). A strongly temperature-dependent dia-

magnetism is seen below 10 K, at 0.02- or
0.2-T applied field. The magnitude of the
susceptibility decreases monotonically with
increasing field and is very small at 5 T. The
result is in quantitative agreement with the
Meissner effect of 1D fluctuation supercon-
ductivity, shown below. The susceptibility of
the parallel field case is one order of magni-
tude less, within the error caused by the
crystallites’ misalignment and consistent with
the observation that there is no Meissner
effect under a parallel field for 1D systems
(15).

The superconductivity of 1D systems can
be described by the Ginzburg-Landau (GL)
free-energy (line) density (16, 17)
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where x is the spatial coordinate along nano-
tube’s length direction, i(x) is the (complex)
GL wavefunction, m* is twice the electron
effective mass, c is the speed of light, # is
I"lanck’s constant, e is the electronic charge,
A is the vector potential of the applied field,
T?¢ is the mean field transition temperature,
and «, and vy are parameters related to the
coherence length £X(T) = £2/(1 — 1), with &
= #%/(2m*a T°) and t = T/T?, and the mag-
netic penetration length \. The last term of
Eq. 1 represents the magnetic-field energy,
with 3, the cross-sectional area of the sample.
From Eq. 1, the superconducting state is fa-
vored locally at T = T?. However, it is
characteristic of 1D systems that the diverg-
ing long-wavelength fluctuation amplitudes
of yi(x) (at any finite transition temperature),
when considered together with the density of
states, means that macroscopically, the super-
conducting transition can only be achieved at
T =0K. Between T ~ T2 and T = 0 the
superconductivity is not totally destroyed
but can manifest superconducting behavior
strongly modified by the fluctuation effects.
To calculate such behavior statistically, we
use the path-integral formulation of the par-
tition function Z:

Z = jD[w(X)]eXp{—BFGL[w(X)]} (2)

where 3 = 1/kT, k is the Boltzmann constant,
and Fg; [W(x)] = [ f[¥(x)]dx is the GL free
energy (functional). The total free energy of
the system is /* = —kT InZ. For a perpendic-
ular applied magnetic field B, 4 = Bxj, with
J the unit vector along the y direction. The
magnetic susceptibility is given by x =
—0°F /B2,

To apply the 1D GL formalism to our
system, we wish to specify the 1D character-
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ization to mean the essential absence of in-
teraction between the SWNTs, so that the
statistical fluctuation effects formulated in
Egs. 1 and 2 are fully manifest. Owing to
imperfections, the superconductivity in
SWNTs probably exists in segments. There-
fore, one has to take into account the finite
diameter of the nanotubes to invoke elongat-
ed current loops associated with the Meissner
effect. That means deviation from the math-
ematical 1D formulation as implied by (x)
in Eq. 1. For the parallel field case, the
associated current is circumferential. Howev-
er, because the SWNTSs are insulating in the
transverse direction (/8), we expect no
Meissner effect. In addition, because the sus-
ceptibility of each AFI crystallite (containing
the SWNTSs) is very small, so that p = 1,
therefore (within the temperature range of
consideration) the magnetic field inside the
crystallites, as seen by the SWNTs, is essen-
tially the same as the externally applied field
B, (19).

We have carried out Monte Carlo calcu-
lations of the path integrals involved in the
susceptibility expression using the Metropo-
lis algorithm (20, 21) (Fig. 1). Apart from a
normalizing constant, quantitative agreement
is seen for the temperature and magnetic-field
variations with parameter values (22) TS =
15K, a,T° = 6 meV, and y = 1.3 meV A,
The effective mass obtained is m* = 0.36m
(where m is the free electron mass), which is
in reasonable agreement with that for the
metallic (5,0) nanotubes, 0.24m, calculated
from the local density approximation (LDA)
scheme (23). The (zero temperature) magnet-
ic penetration length can also be evaluated
from the value of y to yield A
Vm*c*ymr?/16me’a, TS = 39 A, where r, =
2.1 A is the nanotube radius. Because r, <<
\,, 100% Meissner effect cannot be achieved
in the SWNTs.

The Meissner -effect associated with 1D
superconductivity differs substantially from
the conventional behavior of an abrupt sus-
ceptibility jump at 7'9. Here, the dominance
of 1D fluctuations means that the critical
phenomenon around 79 is replaced by
smooth temperature and magnetic-field vari-
ations. Because all of these can be accurately
captured by the (path integral calculations
of) 1D wave functionals, the SWNTSs should
be well insulated from each other, in contrast
to the superconductivity in many quasi-1D
systems (I, 2), where even weak interchain
interaction can restore the basic (anisotropic)
3D character of superconductivity (24).

To measure the electric transport charac-
teristics, we first mounted one AFI zeolite
crystallite containing the SWNTSs in an insu-
lating matrix (glass or ceramic). The matrix
was then sectioned into thin foil by mechan-
ical polishing. The normal direction of the
foil surface was precisely controlled so that
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the SWNT-containing AFI crystal was sec-
tioned simultaneously with its channels per-
pendicular to the foil surface. The lengths of
SWNTs sectioned were determined by the
foil thickness. Chemical etching (with 18%
HCl) was carried out to remove a layer of
AFI damaged by polishing. By this etching
process, SWNTs emerged out of the AFI
surfaces because the HCl etched only the
AFTI. The thickness of the AFI crystallite (the
length of SWNTSs) can be controlled within
the range of 100 to 5 wm. Pt electrodes were
then coated on both sides of the foil by
focused ion beam (FIB) deposition. Because
AFI zeolite is insulating, the conductance of

the sample directly reflects the conductance
of the SWNTs. Linear current-voltage (I-V)
relations, in the temperature range of 30 K < 7T
< 300 K, indicate good ohmic contact be-
tween the electrodes and the nanotubes. The
lower bound of nanotube conductivity at
room temperature, obtained by assuming that
every AFI channel is filled with a nanotube
bridging the two electrodes, is about 10
ohm™! em™!, or ~1% of the graphite con-
ductivity. From 30 K to room temperature,
the temperature dependence of the conductiv-
ity o displays a Ino < —1 VT behavior,
characteristic of 1D hopping conduction (25).
These data indicate the existence of potential

Fig. 1. Normalized magnetic sus-
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Fig. 2. Temperature dependence of the gap, normalized to its value at 0.33 K. Values shown are for
theory (open symbols) and experiment (filled symbols). O-O denotes the BCS gap. (Inset) The /-V
curves at various temperatures. The dashed line at 4.2 K illustrates the extrapolation from the high
field. To a reasonable approximation, the intercept is proportional to the gap magnitude.
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fluctuations caused by imperfections along
the length of the nanotubes. Hence only the
normal current, as opposed to a supercurrent,
is expected for macroscopic samples because
the superconductivity is punctuated by many
potential batriers, at least one of which may
destroy coherent tunneling. Indeed, at 7' < 20
K, the I-¥ curves shown in the inset to Fig. 2
indicate the disappearance of charge carriers
with the opening of a gap at the Fermi level.
This behavior is reproducible not only on the
same sample, but also on different samples.
By extrapolating from the high-field asymp-
tote back to the horizontal axis, shown by the
dashed line for the 4.2 K curve, the V inter-
cept is indicative of the magnitude of the gap
(26). The temperature variation of the gap is
summarized in Fig. 2. The theoretical predic-
tion for the temperature variation of the 1D
superconducting gap is calculated (by the
Monte Carlo approach) from the ensemble
average of |\b(x)| (which is proportional to
the gap):

1
du(x)l)y = ZfD[llf(x)]
X |(x)lexp{—BFale(x0)]}  (3)

The excellent agreement between theory and
experiment (Fig. 2), with no adjustable pa-
rameters, strongly supports the model of 1D
superconductivity in SWNTs and is consis-
tent with the magnetic data on the Meissner

Top electrode
Botiom electros

AF| thin foil

SWNT array in AF1

Fig. 3. (A) Scanning electron micrograph of the
sample after thinning by argon milling. The
dark region is a hole in the foil. Because the foil
is translucent in its thinnest part, the bottom
electrode is dimly visible. (B) A diagram of the
sample. Shading indicates the part of the sam-
ple after the tip has been removed.
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effect. Here, the 1D fluctuations are seen to
substantially alter the temperature variation
from its mean field behavior at T’ < T and
give rise to some finite level of (| yi(x)|) at T
= T°.

To observe the supercurrents, it is neces-
sary to fabricate thin samples to ensure that
there is no potential barrier within the length
of the SWNTSs. This is done by further reduc-
ing the thickness of the AFI foil to about 50
nm by argon ion milling both sides of the foil.
Such a thin foil is translucent, as observed by
scanning electron microscopy (SEM) (Fig.
3A). After etching (with HCI) and cleaning
(with distilled water) of the foil, Pt electrodes
were made on both sides of the foil by FIB
deposition. The size and location of the Pt
electrodes were precisely controlled by FIB,
ensuring good contact between the electrodes
and the ends of SWNTs. Figure 3B shows the
sideways geometry of the sample. The foil is
thinnest close to the edge of a hole in the foil,
with a thickness of ~50 nm, and becomes
progressively thicker away from the edge.
The top and bottom electrodes thus measure,
in parallel, electrical transport by both short
and long SWNTs. We first measured the
electrical conductance of the sample by ap-
plying a fixed voltage across the sample and
monitoring the current J as a function of
temperature. To obtain measurable currents
above the noise level, we applied 1 V (cor-
responding to an electric field of E =~ 2 X 10°
V/cm at the thinnest section) in all the mea-
surements. The measured conductance dis-
plays a minimum at about 10 K (Fig. 4 inset,

. curve 1), below which the conductance in-

creases as the temperature decreases (i.e.,
exhibits the metallic behavior). This behavior
is believed to arise from the thinnest section
of the sample, because the conductance at the
thicker section should decrease markedly at
low temperatures; hence, most of the current
should pass through the thinnest part. To
verify this proposition, we used argon ion

milling to remove the tips of the top and
bottom electrodes, as well as a portion (~0.1
pm?) of the thinnest part of the sample (Fig.
3B). The altered sample displays monotoni-
cally decreasing conductance down to the
lowest temperatures (Fig. 4 inset, curve 2).
Moreover, the difference between the first
measured conductance G, (=J,/V) and the
second measured conductance G, (=J,/V),
AG = G, — G,, is attributable to the removed
(the thinnest) part of the sample. When nor-
malized to a single SWNT, the conductivity
lower bound at 2 K, for the thinnest section of
the sample, is ~100 ohm™~! cm™!. In Fig. 4,
the AG (at 1 V, or an electric field ~2 X 10°
V/cm) is plotted as a function of temperature
(27). To explain this conductance behavior
(at T ~ 15 K or less), we calculated the
ensemble-averaged current using the Monte
Carlo approach,

1
U@ = 5 f DIY(x)]

X J(x)exp{—BF&l(x)]} (4)

where J(x) = eh/m*)Im{Y*(x)[dis(x)dx]} is
the current expression, with {*(x) the com-
plex conjugate of Yi(x), and Im{ } means
taking the imaginary part. Here

F4 =Fg — f dxeEx|$(x)[*  (5)

The calculated (normalized) conductivity J/E
(evaluated at the experimental £ ~ 2 X
10° V/cm) is in excellent agreement with the
experiment (Fig. 4), again with no adjustable
parameters. The sample at 7 = T cannot be
at zero resistance (even without potential bar-
riers) because at any given instant there is
always some probability that fluctuations
would locally drive the superconducting state
to the normal state. In a 1D system, any
normal segment is in series with the rest of
the sample, and hence there is always a finite
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resistance at finite temperatures. Because
such a probability decreases with tempera-
ture, the fluctuation supercurrent, and hence
the conductance, increases. Zero resistance is
reached only at 7 = 0 K.

Note added in proof: After the submission
of this manuscript, superconductivity in ropes
of nanotubes was reported (28).
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Construction Principles of

“Hyparenes”

: Families of

Molecules with Planar
Pentacoordinate Carbons

Zhi-Xiang Wang* and Paul von Ragué Schleyert

Density-functional theory calculations predict that three borocarbon units with
planar pentacoordinate carbons —C,B;—, —C,B,—, and —CB,—, can replace
the —(CH),— subunits in aromatic or even in antiaromatic hydrocarbons to
construct “hyparenes” (families of molecules with planar pentacoordinate car-
bons). These borocarbon units contribute two, one, and zero electrons, respec-
tively, to the parent pi system. Depending on the choice of these units, the
hyparenes ( judging from computed proton and nucleus-independent chemical
shifts), can maintain or can interconvert the aromatic or antiaromatic character
of the parent compounds. The hyparenes are low-lying local minima with
normal carbon-boron, boron-boron, and carbon-carbon bond lengths. The mul-
ticenter bonding in the hyparenes involves contributions of partial sigma and
partial pi bonds to the planar pentacoordinate carbons; the octet rule is not
violated. Borocarbon species, for which there is some mass spectrometric
evidence, might be observed and identified, for example, in matrix isolation by

vibrational spectroscopy.

The principles of the mechanical molecular
models for hydrocarbons, still widely used to
visualize organic structures, have remained
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essentially unchanged since van’t Hoff intro-
duced folded paper tetrahedra (/, 2) as the
first three-dimensional representation. Placed
corner-to-corner, two of these methane tetra-
hedra represent ethane. Two tetrahedra joined
edge-to-edge have four coplanar vertices and
model ethylene. Similarly, an acetylene mod-
el results from a face-to-face arrangement.
Here we predict simple structural group-
ings, based on planar pentacoordinate car-
bons (ppC) [—C;B;— (type A), —C,B,—
(type B), and —CB,—(type C)] (Fig. 1),
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