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We investigate the coupling between individual tubes in a rope of single-wall carbon nanotubes using
four probe resistance measurements. By introducing defects through the controlled sputtering of the
rope we generate a strong nonmonotonic temperature dependence of the four terminal resistance. This
behavior reflects the interplay between localization in the intentionally damaged tubes and coupling to
undamaged tubes in the same rope. Using a simple model we obtain the coherence length and the
coupling resistance. The coupling mechanism is argued to involve direct tunneling between tubes.

PACS numbers: 73.61.Wp, 72.15.Rn, 72.80.Rj, 73.40.Gk

The unique structural and electronic properties of car-
bon nanotubes make them interesting objects for basic sci-
ence study as well as applications. The relation between
their geometry and electronic structure is of particular in-
terest. Semiconducting or metallic behavior is possible
depending on tube diameter and chirality [1]. Based on
their unique properties, several applications in electronics
have been proposed and some, such as field effect transis-
tors [2,3] and diodes [4], have already been demonstrated.
While the electronic structure of individual tubes has been
characterized using scanning tunneling spectroscopy and
found to be in agreement with the theoretical predictions
[5], the interaction between tubes in ropes has received
much less attention. Some studies have concluded that
the coupling between tubes must be weak [6], but few at-
tempted to directly measure this interaction [4,7]. Thus,
most of the applications rely on single tubes bridging metal
contacts [2,8]. However, the extensive use of nanotubes in
future nanoelectronics would also require a knowledge of
the tube-tube electronic coupling.

Here, we present a novel approach that allows us to de-
termine the electrical coupling between tubes in a rope us-
ing four terminal transport measurements. The ropes are
self-assembled bundles of carbon nanotubes, in which the
tubes line up parallel to each other. The tubes in our ropes
have diameters close to 1.4 nm and form a regular triangu-
lar lattice with a lattice constant of dyp = 1.7 nm [9]. Both
semiconducting and metallic tubes are present in a rope in a
random distribution. In our experiment, the ropes were dis-
persed in dichloroethane using mild sonication, followed
by several stages of centrifugation. The purified nanotube
ropes were dispersed on an oxidized Si substrate and gold
electrodes were subsequently fabricated on top of the ropes
(see Fig. 1a). The key feature in our investigation involves
a sputtering of the rope before deposition of the electrodes
by an Ar* ion beam at an energy of 500 eV. The pur-
pose of the sputtering is to introduce defects into the top
nanometers of the rope. As will be shown later, this will
enable us to vary the path taken by the electric current in
a well-defined manner.
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In order to estimate the extent of the sputter damage, a
Monte Carlo simulation was performed [10]. The simu-
lation was done on a carbon target with the mass density
of nanotube ropes. The ions were found to produce about
eight carbon vacancies per ion in a range 6 * 1 nm deep
into the rope (cf. Fig. 1b). From our sputter conditions
(ArT flux =1.5 X 10" m~2s~! for 20 s) we infer a defect
density of about one defect per 1000 atoms, which gives
a distance of 5—-10 nm between defects along the tubes.
This defect density is high enough to have a significant
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FIG. 1. Schematic of a section of a rope (a) together with a

simulation of the distribution of the defects introduced by the
sputter treatment (b). The shading marks the damaged tubes.
Part (c) shows four (4t) and two (2t) terminal resistances versus
temperature for three different samples.
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influence on the electrical properties of the tubes, while at
the same time, it is low enough for the damaged tubes to
preserve their structural integrity. The damage in the upper
part of the rope is confined to the area directly underneath
the gold contacts (note the shading in the schematic of
the rope in Fig. 1a), while the main part of the rope be-
tween the electrodes was not exposed to the ion beam and
is thus undamaged. Electronic transport in the damaged
metallic tubes is strongly affected by the defects, while
contributions from semiconducting tubes are negligible at
the low temperatures used in the experiments (the typical
band gap for semiconducting tubes of ~1.4 nm diameter
is ~500 meV [1,5]).

The resistances were measured in the Ohmic regime
using standard lock-in techniques while the sample was
cooled in a “*He continuous flow cryostat with a base tem-
perature of 1.5 K. We fully characterized 13 rope samples.
Typical results of R vs T curves are presented in Fig. lc.
The two terminal (2t) resistances were found to increase
with decreasing temperature. On the other hand, the four
terminal (4t) measurements showed a pronounced resis-
tance maximum at temperatures around 20 K in all of the
samples we made. This behavior is caused by the damage
introduced by sputtering. As a comparison, a 4t measure-
ment of an undamaged rope is shown in the lower inset of
Fig. 2. In this case, we observe a decrease in resistance
with decreasing temperature over the whole temperature
range. Thus, the undamaged ropes show a metallic behav-
ior as is expected for ropes consisting, at least in part, of
metallic tubes [11]. It is important to note the very differ-
ent values of the resistance in the damaged and undamaged
ropes, the latter being only of the order of 1 k(), while the
former is in the range of several M(). Thus, the damage
greatly increases the resistance, but it does not block the
electrical transport. Obviously, the damaged metallic tubes
in direct contact to the gold electrodes carry most of the
current, since only a few k{) would be expected for undam-
aged nanotubes in the rope, and the semiconducting ones,
damaged or undamaged, are insulating. The metallic tubes
are one-dimensional systems with two degenerate modes at
the Fermi energy [1], hence the resistance of a segment of
length L containing defects with an average distance Ly is
given by R = (h/4e?)(L/Lo) (neglecting any interference
effects). The extent of the damaged areas along the direc-
tion of current transport, i.e., the width of the gold elec-
trodes, is typically 200 nm. (The rope segments between
the contacts are undamaged and thus their contribution to
the resistance is negligible.) At room temperature, we find
resistances of the ropes around 200 k(). This resistance
corresponds to a mean free path of Ly = 6 nm, which is
consistent with the average distance between defects ob-
tained by the Monte Carlo simulation.

In Fig. lc, both 2t and 4t measurements show an
increase in resistance when cooling the sample. This in-
crease is caused by electronic localization in the damaged
tube, an interference effect which increases the resistance
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FIG. 2. Comparison between measurement (symbols) and fit
(solid line) according to the model described in the text. The
insets show the resistance network of the model (upper) and the
temperature dependence of the 4t resistance of an undamaged
rope (lower). Note the very different resistance scales of the
4t plots.

by coherent backscattering of electrons at the defects.
When the phase coherence length exceeds the localization
length MLy (M number of modes) the resistance increases
exponentially with decreasing temperature [12].

Below a sample-dependent temperature around 20 K
(11 K in the example of Fig. 2), the resistance obtained
by the 4t measurement starts to decrease. This effect can-
not be caused by some gold-tube contact resistances, since
these do not contribute in a 4t measurement. And any scat-
tering mechanism (e.g., phonon scattering), which could
possibly lead to such a behavior, would show in both the
4t and the 2t measurement. In general, the absence of a
similar decrease in the 2t measurement proves that this be-
havior cannot be caused by a change in transport inside the
actual current path, i.e., the damaged tube. We will now
discuss a model of how to understand our experiments and
will extract information about tube-tube interactions.

Key to understanding our experiments is the realization
that disorder can switch the current path from a tube at
the surface to another tube inside the rope. The tubes in
the rope are only weakly coupled (corresponding to a large
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coupling resistance), so usually one expects the current to
be carried by the tube with the lowest contact resistances
to the gold electrodes, i.e., a tube at the surface of the
rope. In our experiments, the surface tubes (and all other
tubes about 6 nm deep into the rope) were damaged dur-
ing the sputter treatment and thus show high resistance
already at room temperature. When the sample is cooled
the resistance increases due to localization in the damaged
tube, and eventually grows sufficiently high, so that the
current switches its path to another undamaged metallic
tube deeper inside the rope. This happens when the re-
sistance in the damaged tubes becomes comparable to the
large coupling resistance between the tubes. Once this is
the case, the current favors the “new” path and switches
to the undamaged tube in the bulk of the rope. The
model presented in the following paragraph will clarify this
behavior.

Consider a network of damaged and undamaged tubes
with resistances R; and R, (R; > R,,), with the intertube
coupling resistance R, and contact resistance R, which
connect the damaged tube at the surface to the gold elec-
trodes. The upper inset in Fig. 2 shows how these resis-
tances are connected in the model. A 2t measurement
always detects the two parallel current paths and thus
R* = [(3R;)"" + (2R,)"'17!, while the 4t measurement
is sensitive to whether the main part of the current flows in
the surface tube (high temperatures, R* = R,) or in the
undamaged “bulk” tube (lowest temperatures, R* = R)).
In order to calculate the total 2t and 4t resistances exactly
for all temperatures, we have to evaluate the individual re-
sistances. Ry is governed by strong localization and can
therefore be described by [12]

R L hl(% 1)
= —— —~5 _\e - .
4 Lo 22 2

Lg follows a power law dependence on temperature,
Lp ~ T, and we will use this to describe R;. The
intertube coupling resistance R, will be taken to be
independent of temperature (we will justify this later
on). The coupling resistances are placed underneath the
electrodes, i.e., connected to the damaged areas of the
surface tube, since a change in current path occurs only
where transport inside the surface tube gets “blocked” by
localization. The resistance of the undamaged tube R, is
much smaller than R; and R, (cf. the lower inset in Fig. 2)
and since it is always connected to R,, it does not play
any significant role. The last resistance to be discussed is
the contact resistance R, between the gold electrode and
the surface tube. This resistance will only show up in 2t
measurements but will not contribute to the 4t resistance.
We will neglect this resistance for the moment and will
justify it later on.

Figure 2 shows experimental data from one of our
samples, together with the fits based on our model. The
results of both 4t and 2t measurements are well repro-
duced, underlining the validity of our simple model. First,
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we note that indeed no additional contact resistances R,
are necessary to describe the 2t measurements. Second,
from the fits in Fig. 2 we can extract L (7') as a function
of temperature. The coherence length turns out to be about
200 nm at the lowest temperature, a value significantly
lower than that reported by other groups [6,8,13] since we
are dealing with a disordered system. It is well known that
disorder significantly enhances phase breaking processes
[14]. We find that the temperature dependence of Lg can
be described by Ly ~ T~% with @ = 0.33-0.5. & = 1/3
points to dephasing by Nyquist scattering [14], while & =
1/2 suggests electron-phonon scattering. Both processes
seem to be involved, with the Nyquist scattering possibly
becoming dominant at the lowest temperatures [13].

Next we evaluate the coupling resistance R, between
the tubes. R, is extracted from the data in a very simple
manner and turns out to be the most reliable and stable
parameter in the simulation, since it is only determined
by the value of the resistance maximum in the 4t mea-
surement. The temperature dependence of R; determines
the shape and position of the maximum in temperature
[Ry(Tmax) = R;]. Since slight variations in sputter dam-
age (L) significantly affect R, there is no strict correla-
tion between R; and T, but in spite of this R, can be
obtained from the value of the resistance maximum. Ana-
lyzing R, for our 13 samples, we obtained values ranging
from 2 to 140 M{). Any proposed coupling mechanism
must be able to account for this large range of transfer
resistance values. Hopping processes are sometimes in-
voked to describe intertube transport [15]. This mecha-
nism involves transport by hopping through intermediate
states (e.g., via other tubes). For our measurements, a
single transfer would correspond to a resistance of about
2 M(}, and thus the highest value of 140 M{) would need
70 transfers, barely imaginable with only 100 tubes in the
rope at all. Moreover, the hopping processes are thermally
activated and thus the coupling between tubes would even-
tually freeze out, leaving the rope insulating at the lowest
temperatures, in contrast to the observation. We conclude
that the only mechanism that can account for all obser-
vations involves tunneling between tubes. In this process
a small range of distances between the tubes leads to a
large range of resistances due to the exponential depen-
dence typical for tunneling. Furthermore, this process does
not freeze out even at the lowest temperatures.

We will now try to link the experimental findings for R,
to the geometry of the rope, i.e., the distances between the
bulk and the surface tubes. The cross section of a rope con-
sists of typically 100 single tubes. A fraction of about 2/3
of the tubes is semiconducting, while the remaining 1/3 is
said to be metallic [1]. The switching of the current path
from damaged to undamaged tubes involves tunneling over
some distance d within the triangular lattice of the rope.
The depth of the damage of the sputter treatment (about
6 nm) sets a lower limit for the distance d within which
an undamaged metallic tube can be found. To describe the
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FIG. 3. Comparison between experimentally found coupling
resistances R, (symbols on the left-hand side) and values allowed
by the theory (circles) for tunneling between tubes. Filled circles
mark coincidences. The shaded area marks the depth of the
sputter damage, which sets a lower limit for the observable
tunnel distances.

coupling resistance R, that is caused by the tunnel process,
we consider the coupling of two one-dimensional wave-
guides separated by a tunnel barrier [16]. We thus find that
R, = (h/4e®) (vp/v ) (1/T) = (h/4e?)e*<¢. The veloc-
ity perpendicular to the tube axis v can be approximated
by the Fermi velocity vy when transport along the dam-
aged tube is blocked by localization. The transmission
T in the tunnel process is determined by the overlap of
the wave functions of the tubes, with « being related to
the barrier height. Given the linear dispersion relation for
the metallic nanotubes e(k) = hvr(k — kr) around the
Fermi energy and the barrier height ®, « is calculated
as k = ®/(hAvr). Since the electrons tunnel through the
other tubes, which are mostly semiconducting, the barrier
height is given by the conduction band edge of these semi-
conducting tubes. All nanotubes share the same graphene
structure, hence their work function is expected to be
nearly the same [7], and the Fermi level of the metallic
tubes is expected to align midgap the semiconducting en-
ergy gap. With an average band gap of 500 meV we find
® = Ezyp/2 = 250 meV. Using vy = 10% m/s [17], we
obtain a penetration depth of 1/2x = 1.25 nm, compa-
rable to the value given in Ref. [18]. Unlike tunneling
through vacuum, the low barrier allows for tunneling over
large distances between tubes.

Figure 3 compares theoretical and experimental data,
where the theoretical predictions result from evaluating the
above formula for the discrete distances d realized in the tri-
angular lattice of the rope (the tunnel distance d is the
distance between the centers of the involved tubes). We
used ® = 225 meV. Since kgT << ®, the tunnel resis-

tance is indeed temperature independent. We find that all
data points coincide with values allowed by the model. We
never did find tunneling into tubes closer than about 8 nm
to the damaged surface tube. This is because tunneling
into another damaged metallic tube is not favorable. This
strongly supports our interpretation. The large variation of
tunneling distances from sample to sample is explained by
the strong selection rule the tubes have to fulfill for tun-
neling to be allowed, i.e., the tubes have to have the same
chirality [18]. Thus, the theoretical assumption of direct
tunneling yields a consistent picture for the electronic cou-
pling in nanotube ropes.

In conclusion, by Ar* sputtering of single-wall carbon
nanotube ropes before making electrical contact to them,
defects are introduced that led to strong scattering in the
current carrying tubes at the surface of the rope. Below a
sample specific threshold temperature the current tunnels
into an undamaged, metallic tube in the bulk of the rope,
leading to a dramatic reduction of the four terminal re-
sistance. The value of the resistance maximum is related
to the intertube coupling resistance between the involved
tubes. Using a simple model, this intertube resistance is
shown to be caused by direct tunneling between tubes.
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