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Abstract Electrical transport properties of individual
metallic double-walled carbon nanotubes (DWCNTSs) were
measured down to liquid helium temperature, and multi-
stable conductance states were found in DWCNTs. At a
certain temperature, DWCNTs can switch continuously
between two or more electronic states, but below certain
temperature, DWCNTSs are stable only at one of them. The
temperature for switching is always different from tube to
tube, and even different from thermal cycle to cycle for the
same tube. In addition to thermal activation, gate voltage
scanning can also realize such switching among different
electronic states. The multi-stable conductance states in
metallic DWCNTs can be attributed to different Fermi
level or occasional scattering centers induced by different
configurations between their inner and outer tubes.

Keywords Carbon nanotube - Electrical transport
property - Intertube interaction

Introduction

It is well established that the electrical properties of carbon

nanotubes (CNTSs) are sensitive to their nanostructures such
as diameters, chiralities, defects, etc. [1-5]. In fact, CNTs
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prefer to be assembled as ropes by close-packing or as multi-
walled CNTs (MWCNTs) by arranging them concentrically
[6]. In both cases, interactions among nanotubes may sig-
nificantly modify their electronic structures, and then
introduce interesting variations in their electrical properties.
For example, in the case of ropes of identical armchair sin-
gle-walled CNTs (SWCNTs) intertube interactions can
break their rotational symmetry, and then the 7* and = bands
can mix, which will produce a pseudogap about 0.1 eV at the
Fermi level [7-9]. As for MWCNTs, the case is a little more
complicated because each one of these tubes has different
diameters and can have different chiralities.

To explore the effect of the intertube interactions on
electrical properties of MWCNTs, double-walled CNTs
(DWCNTs) is the best candidate because they are the sim-
plest MWCNTs to be dealt theoretically, which consist of
only two tubes having the similar diameters as SWCNTs. In
fact, most of the theoretical work on electronic structures of
MWCNTs has been done based on DWCNTs [10-17].
Sanvito et al. [14] found that the interwall interactions may
block some quantum conductance channels by investigating
the electron transport properties of the commensurate
DWCNTs. Roach et al. [15] inferred that the electronic
propagation may follow a non-ballistic law based on the
spreading properties of the wave packets in the incom-
mensurate DWCNTSs. Kwon and Tomanek [16] found that
the weak interwall interactions and changing symmetry can
cause four pseudogaps to open and close periodically near
the Fermi level during the soft librational motion. Recently,
much experimental work has been specifically focused on
this issue [17-21]. Kajiura et al. [17] demonstrated that the
electrons pass through DWCNTSs quasi-ballistically even at
room temperature. Wang et al. [18] found that free charges
in the inner metallic wall may screen the outer semicon-
ducting wall from the gate effect. Moon et al. [20]
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determined the current-carrying capacity of each wall of
DWCNTs by breaking down their wall sequentially under
high bias voltages.

In this paper, we present electrical transport properties of
individual metallic DWCNTs with highly transparent
contacts. We found that conductance state of DWCNTs is
multi-stable at low temperature. At a certain temperature,
DWCNTs can switch between two or more electronic states,
but below a certain temperature, DWCNTS is stable only at
one of them. The temperature for switching is always dif-
ferent from tube to tube, and even different from thermal
cycle to cycle for the same tube. In addition to thermal
activation, gate voltage scanning can also realize such
switching among different electronic states. This electrical
behavior of DWCNTs is like the two level fluctuations or
random telegraph signals observed in tunnel junctions,
metal-oxide-semiconductor field-effect transistors (MOS-
FETs), and FETs based on p-type semiconducting SWCNTSs.
It can be attributed to different configurations or small
movement between their inner and outer tubes under the
equilibrium of the van der Waals interaction between layers
with the elastic force of the graphene layers, which can affect
the electronic structures of DWCNTSs by shifting the Fermi
level or inducing occasional electron scattering centers.

Experimental

DWCNTs used in our measurements were synthesized by
pyrolizing C,H, at a temperature of 900-1100 °C on floating
iron catalysts promoted with sulfur. Diameters of outer tubes
vary from 1.1 to 2.9 nm, and those of inner tubes from 0.4 to
2.2 nm, which was determined by transmission electron
microscopy [22]. DWCNTs were first dispersed in an aqueous
surfactant solution (1 wt% lithium dodecyl sulfate) and puri-
fied by centrifugation. Thereafter they were deposited on a
highly n-doped silicon wafer with 100 nm SiO, layer by
putting one droplet of suspension on the surface. Si wafer has
been modified previously by amino-silanization. Electrodes
were defined by using an electron beam lithography procedure
with standard two-layer resist, and formed by evaporating
15 nm AuPd. Devices containing individual metallic
DWCNTs with good source and drain contacts were selected
for electrical transport measurements. The DWCNT between
two electrodes is 150-nm long. The n-doped Si wafer was used
as the back gate. The electrical transport measurements were
carried out in a cryostat with a lock-in technique.

Results and Discussion

The most important feature of our DWCNT devices is
that there are multi-stable conductance states at low

temperature. As shown by the linear conductance versus
temperature (G—T) curve of a metallic DWCNT (sample
No. 1) (inset of Fig. 1), the linear conductance fluctuates
unconventionally around 10 K, which looks like noises or
fluctuations. However, they locate almost on the same
level. By sweeping the bias voltage (Vp) continuously at
around 10 K on this DWCNT immediately, we obtained
four typical current versus Vp (I-Vp) curves, as indicated
in Fig. 1. This indicates that this DWCNT seems to have
different linear conductance for different Vp sweeping
cycles under almost the same conditions (temperature
fluctuations less than 0.05 K). It even can switch or fluc-
tuate continuously between two levels in the same
sweeping cycle, just like the two level fluctuations in
tunnel junctions, MOSFETs, and FETs based on p-type
semiconducting SWCNTSs reported previously [23-25]. It
seems that there are two electronic states in this DWCNT,
and the DWCNT can stay stable at the low conductance
state, the high conductance state, mixed state of them, and
can even switch continuously between them. It also sug-
gests that the mechanism for this kind of switching might
be a slow process compared with the time scale of
measurement.

As a matter of fact, the [-Vp curves are always
non-linear. Figure 2 shows an I-Vp curve (inset) and the
corresponding dI/dV-Vp curve (simultaneously recorded
by the lock-in technique) of another metallic DWCNT
(sample No. 2) in a large bias range. It indicates the same
phenomenon as described above. Besides the difference in
linear conductance around zero bias, another important
feature of those two states is the difference in non-linearity
indicated by the dl/dV-Vp, curve. For the low conductance
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Fig. 1 Different /I-Vp curves of a metallic DWCNT recorded around
9.9 K continuously indicate that there are multi-stable conductance
states in this tube. Inset: Linear conductance of the DWCNT as a
function of temperature from 300 to 2 K on a double logarithmic
scale
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Fig. 2 The dI/dV-Vp and I-Vp (inset) curves recorded at the same (b) 140.0p

time for another metallic DWCNT. The arrows indicate the sweeping
directions

state, there is a dip; while for the high conductance state,
there is a peak around zero bias. Furthermore, this dI/dV
peak around zero bias does not respond to magnetic field as
high as 10 Tesla.

Almost all our DWCNT samples exhibit sporadic
changes in conductance, but only at a certain temperature,
could the continuous switch between two or more levels be
observed by careful measurements. After all, this kind of
switching is sensitive to temperature, and can disappear
even under temperature fluctuations less than 0.05 K. On
the other hand, the temperature for conductance switching
is different from tube to tube, even different from thermal
cycle to cycle on the same tube. We have observed this
kind of continuous switching on four different DWCNTs at
2.1, 4.9, 9.9, and even at 49.7 K, respectively.

In order to get more information about the different
electronic states in DWCNTSs, we have measured another
metallic DWCNT (sample No. 3) very carefully. We
recorded G—T curve when this DWCNT was cooled down,
and dI/dV-Vp curves at different temperature when
warmed up step by step. As shown in the inset of Fig. 3a,
the conductance behaves completely different as tempera-
ture is cooled down in different thermal cycles: decreases
in the first cooling process (black curve), but increases in
the second one (after warming up from 2 to 130 K) and the
third one (after warming up from 2 to 50 K) (red and green
curves). Below 50 K, the G-T curves recorded in the
second and third thermal cycles coincide with each other
completely, which means that this tube is electrically stable
during this measurement. Over 50-300 K, the G-T curves
recorded in the first and second thermal cycles coincide
with each other, and there is little change in conductance
for both cases, which means that there is very low proba-
bility of electron—phonon scattering in this DWCNT, and
the factor for the different conductance states in the
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Fig. 3 a G-T curves of a metallic DWCNT recorded three times
continuously when cooling down (Inset) and dI/dV-Vp, curves recorded
at various temperatures for the high conductance state (upside) and the
low conductance state (downside) when heating up step by step. b The
evolution of the dI/dV peaks around zero bias under small gate voltage
(—0.1 to 0.1 V, step size: 0.01 V, curves shifted for clarity). ¢ Two-
dimensional dI/dV plot as a function of Vp and Vg

DWCNTs might be smeared by thermal activation. The
corresponding dI/dV-V curves (Fig. 3a) indicate that
around zero bias there is a peak for high conductance state
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and a dip for low conductance state. As the temperature is
lowered, the structures in dI/dV-Vp curve become sharper,
i.e., the peak increases, while the dip decreases in con-
ductance, but both saturate below 5 K, which is consistent
with the G-T curves.

The evolution of the dI/dV peak around zero bias under
small gate voltage (V) was shown in Fig. 3b, which indi-
cates that this peak shifts and evolves into a dip with Vg. This
process is completely reversible. In fact, the curve modulated
by gate voltage (Vg = 0.1 V) is almost the same as the low
conductance state curve in the downside of Fig. 3a, which
indicates that Vg can realize switching between these two
conductance states and may suggest different Fermi level
positions for these two states. From the two-dimensional
dl/dV plots (Fig. 3c, 5a) we can make a rough estimate of the
capacitance between the DWCNT and the back gate:
Cg = 4e C/V, where e is the charge of an electron. The
excess charge Q on the DWCNT induced by Vg can be
obtained as Q = CgVg = 4¢*0.1 = 0.4e C. Therefore, the
different conductance states might be attributed to charges
trapping in or escaping from impurities, defects on the
DWCNT, or insulating layer adjacent to this tube.

As the case stands, our devices can be definitely switched
to a relative high conductance state by positive Vg pulse
(15 V), and a low conductance state by negative V pulse at
high temperature (for example >72 K) (Fig. 4a). This is
similar to the electrical hysteresis observed in semicon-
ducting SWCNTSs, and it is believed to be induced by the
charges trapped in impurities or defects [26-28]. As the
temperature is lowered, the electrical hysteresis weakens
and fades away gradually, which means that the charges
trapped in impurities or defects become fewer and fewer.
When the temperature is lower than 72 K, the DWCNT
becomes electrically unstable after V5 sweeping, and the
change in conductance is random and unpredictable. Fur-
thermore, the lower the temperature is, the larger the change
in conductance is. That is to say, at low temperature, the Vg
pulse cannot change the electronic state directly by trapping
charges in impurities or defects. However, it disturbs the
electronic state of DWCNTs in its own way. Figure 4b
shows all kind of dI/dV-Vp curves recorded repeatedly on
the DWCNT after being disturbed by a positive Vs pulse at
2.280 K. It indicates that this DWCNT switches among
different electronic states indeed. Around zero bias, there
can be a peak or a dip corresponding to different electronic
states just as shown in Fig. 2.

Our individual metallic DWCNT devices have good
source and drain contacts. They are much different from
the tunnel junctions and MOSFETs that exhibit two level
conductance fluctuations [23, 24], and also different from
the semiconducting SWCNT-based FETs that exhibit ran-
dom telegraph noise at high temperature (200 K, for
example) and stable electrical hysteresis at low temperature
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Fig. 4 a Linear conductance of a metallic DWCNT (sample No. 2) as
a function of time, recorded under periodic Vg pulse at different
temperature (curves shifted for clarity), which shows that the
DWCNT exhibits electrical hysteresis behavior at high temperature
(>72.39 K) and is electrically unstable at low temperature
(<72.39 K). b The dl/dV curves of the DWCNT recorded repeatedly
after being disturbed by a positive Vg pulse (15 V) at 2.280 K in
another thermal cycle

(5 K) [24, 28]. After all the non-localized electrons trans-
port ballistically through the tubes (to be discussed later),
the density of impurities or defects in our DWCNTs is very
low. Other than charges trapped in impurities or defects,
there might be a new mechanism that bring on the multi-
stable electronic states, and can be disturbed by the Vs and
thermal activation.

The two-dimensional dI/dV plot as a function of V, and
Vi for the sample No. 3 (Fig. 3c) indicates that the posi-
tions of the dI/dV dips and peaks evolve smoothly and
periodically pointing to a Fabry—Perot interference pattern,
which means that the peaks and dips of dI/dV curve come
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Fig. 5 a Two-dimensional dI/dV plot as a function of Vp and Vg
measured at 5.0 K for a metallic DWCNT. b The dI/dV-Vp curves
around the distinct boundary of the two-dimensional dI/dV plot as
shown in (a)

from quantum interference between the propagating elec-
tron waves [29]. On the other hand, this pattern is
somewhat irregular, having different periodicities in dif-
ferent parts and being asymmetric with Vp, which points to
a non-ideal Fabry—Perot interference pattern due to minor
disorder or inhomogeneity along this tube. Figure 5a shows
a two-dimensional dI/dV plot as a function of Vp and Vg
for another DWCNT (sample No. 4, d = 2.5 nm and
L = 150 nm). It consists of two patterns with distinct
boundary at Vg = 3.70 V. On the left side, the regular
interference pattern means a perfect Fabry—Perot resonator
with an interference peak at Vp = Ve = hop/2el =
11.1 mV (vp = 8.1 x 10° m/s is the Fermi velocity and
L = 150 nm is the length of tube). It indicates that electron
scattering occurs mostly at the nanotube—electrode inter-
face and electrons pass through the nanotube ballistically.
On the other hand, firstly the conductance decreases sud-
denly overall (also see Fig. 5b); secondly the Vp and Vg
spacing between adjacent peaks (dips) increases (about two
times); thirdly the dI/dV curves become asymmetric. All of
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these point to a fact that there is a disorder which serves
as a new electron-backscattering center (V) = V{ =
hvg/2el’ =222 mV, then L' =75 nm) appearing in the
middle of the tube, and that the tube has been hole doped
by the new mechanism. When measured in another thermal
cycle, this kind of electron-backscattering center disap-
peared, and regular Fabry—Perot interference pattern will
appear again in all the V5 sweeping range (0-20 V). It
means that the appearance or disappearance of this kind of
electron-backscattering center is reversible, and Vg is not
the sufficient condition to activate this kind of disorder, and
that there is no or few impurities or defects in our
DWCNTs. This kind of disorder can be observed again, but
only by chance. By carefully checking Fig. 5b, we found
out that the abrupt change in dI/dV consists of two parts:
decrease in the overall conductance and dI/dV peaks
shifting versus Vp. The former might be due to the
appearance of electron scattering center, and the latter
might be due to the shift of Fermi level induced by charge
accumulation. In our measurements on DWCNTs, these
two kinds of change have been observed independently or
synchronously.

The electrical transport properties of DWCNTSs charac-
terized by multi-stable conductance states might originate
from their larruping microstructures: small diameter and
two layers. It is said that the weak interwall interactions can
activate low-frequency librational motion about and vibra-
tion motion normal to the tube axis for the inner tube in
DWCNTs [16]. It may be hard to believe that the entire inner
tube vibrate or librate; however, it is possible for some small
part of the twisted inner tube to vibrate or librate indepen-
dently under the equilibrium of the van der Waals
interaction between layers with the elastic force of the
graphene layers. There may be orientational dislocations or
twist frozen in DWCNTSs during their synthesis. High res-
olution transmission electron microscopy (HR-TEM)
observation revealed that there are smaller (0.39 nm)
interlayer spaces with the commensurate lattice and larger
(0.54 nm) spaces also in the same DWCNT [30]. Calcula-
tions also indicated that the interwall interactions can induce
electron transfer from outer tube to interwall region, and
then the outer tube can be viewed as being hole doped by the
inner tube [31]. When the inner tube (or part of it) changes
its configuration about the tube axis sporadically, the
amount of charge transfer will change accordingly, and then
the Fermi level will shift. We believe that the V can disturb
the charge distribution in the interwall region, and then the
configuration of DWCNTSs. When the inner tube vibrates
normal to the tube axis, the inner tube is close to the outer
tube on one side and far away on the other side, which will
serve as the new factor for electron scattering [32].

Therefore, we consider that the multi-stable conduc-
tance states in DWCNTSs can be attributed to the different
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configurations of its outer and inner tubes. The continu-
ously switching between two electronic states can be
attributed to the locally orientational depinning or melting
of a small part of inner tube at certain temperature (7o,
9.9 K for sample No. 1). When the temperature is lower
than Toy, the two tubes are pinned and the vibration of
inner tube is small, and then the DWCNT is electronically
stable at different states due to the different configurations.
At relatively high temperature (>Toy;) one or more parts of
inner tube can vibrate freely and independently. All states
from different configurations can contribute to the electri-
cal properties at the same time, and then the DWCNT is
also stable at a mixed state. When just at Ty, one part of
the inner tube can switch continuously and slowly under
the equilibrium of the van der Waals interaction between
layers with the elastic force of the graphene layers, and so
does the conductance. Because the orientational disorder is
different from tube to tube, even different from thermal
cycle to cycle on the same tube; the temperature for ori-
entational melting Ty is also different from tube to tube.

Conclusions

We have observed multi-stable conductance states in
DWCNTs at liquid helium temperature. At a certain tem-
perature, DWCNTSs can switch continuously between two
or even more electronic states. Below certain temperature,
DWCNTs can be stable at different electronic states due to
different Fermi level or occasional scattering centers
induced by different configurations between their inner and
outer tubes. The temperature for switching is always dif-
ferent from tube to tube, and even different from thermal
cycle to cycle for the same tube. This electrical behavior
might shed light on the effect of inter-walled interactions
on the electrical transport properties of MWCNTs.
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