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Carbon nanotubes have been regarded since their discovery' as
potential molecular quantum wires. In the case of multi-wall
nanotubes, where many tubes are arranged in a coaxial fashion,
the electrical properties of individual tubes have been shown to
vary strongly from tube to tube™, and to be characterized by
disorder and localization®. Single-wall nanotubes™ (SWNTs) have
recently been obtained with high vyields and structural
uniformity’. Particular varieties of these highly symmetric struc-
tures have been predicted to be metallic, with electrical conduc-
tion occurring through only two electronic modes®'’. Because of

| the structural symmetry and stiffness of SWNTs, their molecular

wavefunctions may extend over the entire tube. Here we report
electrical transport measurements on individual single-wall
nanotubes that confirm these theoretical predictions. We find
that SWNTs indeed act as genuine quantum wires. Electrical
conduction seems to occur through well separated, discrete
electron states that are quantum-mechanically coherent over
long distance, that is at least from contact to contact (140 nm).
Data in a magnetic field indicate shifting of these states due to the
Zeeman effect.

The electronic band structure of carbon nanotubes presents some
peculiar features. Owing to the hexagonal symmetry of a graphene
sheet, the Fermi contour expected for a two-dimensional lattice
reduces to six points''. In a nanotube, the component of momen-
tum along the circumference of the tube will be quantized owing to
periodic boundary conditions. For so-called ‘armchair’ SWNTs (see
ref. 12 for an overview), this results in only two one-dimensional
gapless modes of propagation parallel to the tube axis*™'’. In the
simplest approach, we consider the electron states to be four-fold
degenerate, including spin. The strictly one-dimensional nature of
the modes implies that the angular momentum contribution to the
magnetic energy is zero. The magnetic energy is expected to be
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France.

474

dominated by the spin contribution gusB (Zeeman energy), where
up is the Bohr magneton, gis the Landé g-factor, and B the magnetic
field. For a finite one-dimensional tube of length L, the component
of momentum along the axis will also be quantized. This results in
‘particle-in-a-box’  energy separation between levels of
AE = hvi/2L. From band-structure calculations', we can find an
estimate for the Fermi velocity v; = 8.1 X 10° ms~'. Even a 3-pm-
long tube would thus have a considerable splitting energy of
AE = 0.6 meV.

The nanotubes are produced by laser-vaporization of carbon with
an admixture of Ni/Co, as described elsewhere’. This technique
results in samples enriched in armchair SWNTs with a uniform
diameter of 1.38 nm. After deposition on the Si/SiO, substrate, the
tubes are imaged by an atomic force microscope (AFM). The images
show tubular features with lengths of the order of micrometres and
heights between ~1 and ~50nm. The 1-nm-high features are
identified as individual single-wall tubes. Discrepancy of this
value with the assumed diameter of 1.38 nm is believed to come
from plastic deformation of the tube resulting from tip—sample
forces. The larger features in the images are ropes of parallel tubes’.
Figure 1 shows an AFM image of an individual tube connected to
two electrodes and a corresponding circuit diagram. The two-point
resistance at room-temperature of single-tube samples generally is
~1MQ, and appears to scale with the overlap area with the
electrode. (The resistance at room temperature is 550 kQ for the
sample in Fig. 1.) On a different single-tube sample with a four-
point geometry, we determined the contact resistance to be around
300 kQ at room temperature and 1 MQ at 4 K. The measurements
presented here were performed on the sample displayed in Fig. 1 ina
dilution refrigerator with a mixing-chamber base temperature of
5 mK. Three other samples yielded similar results.

Typical current—voltage curves at various gate voltages are shown
in Fig. 2a. Around zero bias voltage a clear gap is present. For higher
voltages, the current increases in steps. The gap appears to be
suppressed for certain gate voltages and has a maximum value in
between (see inset). In Fig. 2b, the current is shown as a function of
the gate voltage at bias voltage Vi, = 30 wV. The sequence of
current peaks indicates that the suppression of the gap occurs in a
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Figure 1 AFM tapping-mode image of a carbon nanotube on top of a Si/SiO,
substrate with two 15-nm-thick Pt electrodes, and a corresponding circuit dia-
gram. The nanotubes are deposited by spin-coating of a drop of nanotube
suspension. This tube has a diameter of ~1nm, as deduced from AFM height
profiles, and is identified as an individual single-wall nanotube. The total length of
the tube is 3 wm, with a section of 140 nm between the contacts to which a bias
voltage Vyias is applied. A gate voltage Vyae applied to the third electrode in the
upper-leftcorner of the image is used to vary the electrostatic potential of the tube.
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quasi-periodic fashion. The same pattern of peaks persists up to
very large scans of gate voltage Vg, (at least from —2.5to +2.5V).
The observations indicate Coulomb charging" of the nanotube.
Coulomb charging occurs when the contact resistance is larger than
the quantum resistance Ry (R¢ = Wé =~ 26 k() and when the total
capacitance C of the object is so small that adding a single electron
costs a significant charging energy E. = ¢/2C. At low temperatures,
that is, k3T < E,, the current is thus blocked and will flow only
when V. > e¢/2C. However, zero-bias conductance can be restored
by precisely ‘tuning’ the electrostatic potential of the tube with the
gate voltage. The two traces in Fig. 2b were taken under identical
conditions and show an occasional doubling of certain peaks. This
bistability may be the result of switching offset charges' that shift
the potential of the tube. We have concentrated measurements on
peaks that do not show this bistability.

In Fig. 3 we show measurements of a single conductance peak at
Viias = 10 wWV. The height of the conductance peak in Fig. 3 appears
to decrease strongly with increasing temperature. This is a signature
of resonant tunnelling through a discrete electron level that is
aligned with the Fermi energy Er of the electrodes (see left
inset)'. We label this level as gg (ground state to ground state)
because when it alternates in time between being unoccupied and
occupied, the tube is in the ground state in both cases. This gg-
orbital is well separated by an energy AE from the occupied orbital
below, and by AE’ from the unoccupied orbital above. The con-
ductance through the gg-orbital is now only dependent on the
difference in electron occupancy at Ep between the two contacts
which, at resonance, goes down with increasing temperature. If the
density of states in the tube were continuous, the conductance
maximum would be constant with increasing temperature'. The
resonant tunnelling through discrete electron levels implies that
single molecular orbitals carry the current, and accordingly are
phase coherent and extended over a distance of at least 140 nm (the
distance between the electrodes). This is a crucial observation. It
shows that the electrons are not strongly localized despite the

letters to nature

Current (nA)
o
o

o
o

o

o o
o -
T T
r_' —
c—— b
—
—
S
. —

L

Current (nA)

-200 0
Gate voltage (mV)

Figure 2 a, Current-voltage curves of the nanotube at a gate voltage of 88.2mV
(trace A),104.1 mV (trace B) and 120.0mV (trace C). Inset, more /-Vy,5s curves with
Vgate ranging from 60 mV (bottom curve) to 136 mV (top curve), with vertical offsets
for clarity. The variation with Vg of the gap around zero bias voltage implies
Coulomb charging of the tube. The stepwise increase of the current at higher
voltages may result from an increasing number of excited states entering in the
bias window. b, Current versus gate voltage at V., = 30 uV. Two traces are
shown that were performed under the same conditions.
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Figure 3 Conductance G =//V,s versus AVg,e at low bias voltage Vs = 10 pV
and different temperatures. Solid lines are fits of G « cosh 2 (eAVgae/c2kgT),
corresponding to the model of a single molecular level that is weakly coupled to
two electrodes™ (see inset). The factor a converts AVgqe into the corresponding
electrostatic potential shift of the tube. For this peak « = 16. The solid bar in the
left inset denotes the gg-level (see text) and is well separated by energies AF,
AE' > kgT from the eg (lower broken bar) and ge (upper broken bar) levels that
involve excited states of the tube. At a certain gate voltage, the gg-level will be in
the bias window, resulting in resonant tunnelling of electrons. AV, is the gate
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voltage taken relative t0 Vg4 at resonance. The indicated temperatures result
from fits of this model. The corresponding thermometer temperatures are 5, 240
and 600 mK, respectively. The discrepancy between the two temperatures can be
attributed to additional broadening due to the finite bias voltage (10 uV = 116 mK)
and residual noise in the measurement system. From the maximum of the peak
we obtain a lower bound on electronic transmission of 1/60, which includes the
contact resistance. In the right inset we plot the current as a function of Vg, for
higher Vs = 0.4, 0.8,1.2 and 1.6 mV. For this peak, « = 12. The steps in the peak
are a result of lower-lying levels in the bias window.
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one-dimensional nature of the tube and potentially perturbing
influences like structural imperfections, bends and twists of the
tube, and charge defects in the SiO, support. Apparently the
structural symmetry and stiffness of the molecule does indeed
result in robustness of the phase coherence of the molecular orbitals.

When the conductance peaks are measured at higher bias voltage,
step-like structures are observed (Fig. 3, right inset). These struc-
tures are attributed to contributions from additional levels. Upon
reducing the gate voltage, a first current plateau develops when the
gg-level enters the bias-window from below. When the levels are
pushed up further in energy by AE, electrons can now also leave the
tube from the lower-lying electron level, leading to a higher current
plateau. This lower-lying level is labelled as eg because when it is
emptied, the tube is left in an excited state. Current will be blocked
again when the gg-level finally leaves the bias-window. From the
total peak width, which is set by Vs, we deduce that 12-mV change
in Vi results in a change of tube potential of about 1 meV. This
conversion can be understood in terms of voltage division: the gate
capacitance is one-twelfth of the total capacitance of the tube. The
width of the rightmost plateau corresponds to AE. On average, we
find AE =~ 0.4meV. This value is consistent with the order-of-
magnitude estimate AE =~ 0.6 meV for a 3-um-long tube, as men-
tioned above. This in fact suggests that the coherence extends over
the full tube length of 3 wm.

Returning to Fig. 2: the stepwise current increase with increasing
Vyias may also result from an increasing number of levels within the
bias window. These steps are not observed for samples with ropes of
tubes. Because of their larger size, they are expected to have a much
lower energy separation between levels. A Coulomb staircase',
which occurs when there is a large difference between the two
contact resistances, does not seem to be the origin of the observed
steps. For example, the 2-mV width of the step of curve B between
Vs = 1.2 and 3.2mV should then be equal to the width of the
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Figure 4 Main figure, current level (see inset colour scale), as a function of ugB
and AVgqe and corresponding relative electrostatic energy AEe, at Vs = 400 uV.
The magnetic field is applied perpendicular to the tube axis and has a maximum
value of 7.56T. The left current edge has been aligned for all B-values. At low
magnetic fields there is a single ‘green’ current plateau, resulting from the ‘green’
gg-level with, say, spin down (situation A, right-hand diagrams). The nearest level
is the eg-level (yellow) which has spin up and is already outside the bias window.
Near 3.5T (situation B) the two levels appear to have shifted towards each other.
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maximum gap (~6mV). From Fig. 2 we can also determine the
Coulomb charging energy E. as the width of the maximum gap
corresponds to 2(E. + AE). The resulting E. = 2.6 meV is in good
agreement with an estimate of E, = 2.5meV based on the geo-
metrical self-capacitance of a 3-wm-long tube (3 X 10~ F).
Summing up, the tube appears to have a discrete energy spectrum
with an energy level separation of ~0.4meV, and an extra gap is
observed due to a Coulomb energy of ~2.6 meV. Electron transport
through discrete electron states has been found previously in
systems based on semiconductor two-dimensional electron gases'®
and recently also in a metal system'.

Single-electron levels will shift in energy upon application of a
magnetic field. We measure AE as a function of magnetic field B by
following the bottom trace of the right inset of Fig. 3 (see Fig. 4). The
gg and eg levels appear to move toward each other (situation B in
Fig. 4), cross, and separate again (situation C). From the slope of the
diagonal line in the contour-plot d(AE,)/d(usB), we find a g-factor
of 1.9 = 0.2. This is consistent with magnetic-resonance data’ and
suggests no spin—orbit coupling. It appears that the Zeeman energy
is dominant, confirming the expected negligible angular-momen-
tum term. Note that the data do not show splitting of states at
B =0T, as would be expected in the simplest model of level filling
and assuming spin degeneracy. This deviation is not yet understood.
The plateaux in Fig. 4 appear to be flat over a large range of magnetic
field. The tubes thus do not exhibit a magnetoresistance, which
would be manifested by a gradual decrease of the peak amplitude as
a function of magnetic field. This provides an additional indication
that the electronic states are indeed extended and have a one-
dimensional nature.

The measurements reported here are, to our knowledge, the first
measurements of the electrical transport properties of individual
SWNTs. Remarkably, these molecules appear to behave as coherent
quantum wires. Considering the strongly one-dimensional nature

400 600

They now both contribute to a higher, ‘red’ current level. At AV, =2.5mV, the
eg-level leaves the bias window. The width of the remaining green plateau
corresponds to AE. Continuing this trend, the two levels cross and reverse their
order (situation C). Now the 'yellow’ level has become the gg-level and will leave
the bias window last. These observations are consistent with shifting of states
due to the Zeeman effect. Note that the difference between the ‘green’ and
‘yellow’ current levels implies a different coupling of the two corresponding
orbitals to the electrodes.
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of the conducting modes in our SWNTs, deviations from Fermi-
liquid behaviour may be expected; further analysis and measure-
ments may address this issue. U
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Excitable media, which range from autocatalytic chemical sys-
tems' ™ to biological cells and tissues*”’, can maintain organized
structures in the form of rotating spiral waves of excitation®".
The dynamics of spiral waves in two-dimensional systems have
been shown to be susceptible to control by external fields (such as
electric, thermal and optical)'*'“. In three dimensions, the analo-
gues of spiral waves are scroll waves”'>'®. Here we show that an
external field—a temperature gradient—can be used to control a
particular class of scroll waves called scroll rings. The gradient
allows scroll rings to be precisely oriented in space, and their
spontaneous shrinkage to be accelerated, decelerated or even
reversed (so that the ring expands). The temperature gradient
also influences the lifetimes of the scroll rings. We suggest that
these dynamics are likely to be generic to other types of field
gradients and other excitable media.

The control of three-dimensional (3D) scroll waves is a more
complex problem than the control of their two-dimensional analo-
gues, spiral waves. The dynamics of a 3D scroll wave are determined
not only by the properties of the excitable medium but also by the
shape of the filament (the vortex line about which the wave rotates).
Depending on the topology of the filament (for example, open,
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closed loop, knot), as well as on its curvature, torsion and twist, the
dynamics of scroll waves can be significantly different even in the
same excitable medium'"'”'®. This implies that the possibility of
controlling scroll waves should strongly depend on a given filament
configuration.

Our experiments were carried out in a gel-immobilized Belou-
sov—Zhabotinsky (BZ) reaction'®”. Figure la is a diagram of a
cross-section of a scroll ring, showing the circular axis (filament)
about which the wave rotates. Physically, the filament is character-
ized by zero amplitude of the excitation wave’'. The wave has the
shape of a toroidal scroll, which in this cross-section appears as two
counter-rotating spirals. The spatial orientation of the ring is
described by the unit vector S, normal to the ring plane and with
orientation uniquely determined by the sense of rotation of the ring.
Figure 1b shows a photograph of an experimental scroll ring in the
BZ reaction; Fig. 1c is a reconstruction of its filament, appearing in
the projection as a dark ellipse.

Our observations show that there are two effects of an applied
temperature gradient: it reorients the plane of the scroll ring so as to
align the vector S with the gradient vector g, and it significantly
affects the lifetime of the ring. Once the vectors S and g become
parallel, they remain parallel for the duration of the experiment.
(Experiments with initial angles of 0° and 180° showed no reor-
ientation.) The observed relaxation time of the reorientation was
found to be long compared to the characteristic rotation period, t,
of the spiral around the filament.

Figure 2a shows the reorientation of a scroll ring in a gradient of
10°C cm ™ '. The filament is shown in lateral projection, and appears
as a dark ‘dumb-bell’ that slowly rotates in the anticlockwise
direction. The angles 0 between S and g are shown as filled circles
in Fig. 2b. The effect of g on the lifetime of the scroll ring can be
evaluated by comparing the dynamics of the filament radius (7) in
the presence and absence of gradient (Fig. 2b, bottom). In the
absence of gradient, the ring shrinks and collapses in 20 minutes
(open circles). The gradient prolongs the lifetime of the ring to
almost 70 minutes which is about 3.5 times greater than the lifetime
in the absence of the field. In a stronger gradient, we found that the
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Figure 1 a, Schematic cross-section of a scroll ring. The dark circle of radius r in
the centre is the filament of the ring, about which the wave rotates (the spiral on
the right rotates clockwise). The unittangent vector T is in the direction of the local
angular velocity. The vector S is normal to the ring plane, with orientation given by
applying the right-hand rule to Talong the ring. b, Photograph of lateral projection
of a tilted scroll ring in a gel-immobilized BZ reaction. Excited (oxidized) regions
appear lighter. The angle between vector § and the vertical axis is 11° ¢,
Photograph of the filament in the same projection. The filament is roughly
circular, appearing elliptical in the figure due to the projection.
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