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Abstract. – We report here on electrical measurements on individual multi-walled carbon
nanotubes that show that the presence or movement of impurities or defects in the carbon nanotube can radically change its low-temperature transport characteristics. The low-temperature
conductance can either decrease monotonically with decreasing temperature, or show a sudden increase at very low temperatures, sometimes in the same sample at diﬀerent times. This
unusual behavior of the temperature dependence of the conductance is correlated with large
variations in the diﬀerential conductance as a function of the dc voltage across the wire. The
eﬀect is well described as arising from quantum interference of conduction channels corresponding to direct transmission through the nanotube and resonant transmission through a discrete
electron state, the so-called Fano resonance.

There is tremendous interest in the transport properties of carbon nanotubes due to their
potential for use in future nanodevices [1], and from their role as canonical models of onedimensional electron transport [2]. While individual single-walled carbon nanotubes (SWNTs)
are expected to show either semiconducting or metallic behavior depending on their chirality [3], the presence of impurities, defects and interactions is expected to modify this behavior [4, 5]. However, measuring the transport properties of single or multiwalled carbon
nanotubes is complicated by the experimental problem of making electrical contact to the
nanotube. Transport measurements on high contact-resistance carbon nanotube devices by a
number of groups have elucidated the wide variety of physical problems that can be studied
in these systems, including the Coulomb blockade [6], the Kondo eﬀect [7], and Luttinger
liquids [2]. In more recent experiments on devices with lower contact resistances, other interesting eﬀects have been reported. For example, by using diﬀerent techniques to obtain
low-resistance contacts, observation of quantization of the conductance [8] and Fabry-Perot
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Fig. 1 – Scanning electron microscope (SEM) image of Sample 3, a single MWNT with four electrodes.
The legends show the probe conﬁgurations used for making the four-terminal resistance measurements.
For this sample, each electrode had two external contacts, so that the four-terminal resistance of the
two inner metal-nanotube contacts could be directly measured.

interference [9] in ballistic carbon nanotubes has been reported, and there are also suggestions of superconductivity in nanotube rope devices made with low-resistance contacts [10].
However, much interesting physics still remains to be explored.
In this letter, we report on transport measurements on multiwalled carbon nanotubes
(MWNTs) with low-resistance contacts. The low-temperature diﬀerential conductance G(Vdc )
of these devices as a function of the dc voltage bias Vdc across them is highly asymmetric,
showing large, reproducible ﬂuctuations that can be as large as 10% of the total conductance.
This conductance “ﬁngerprint” can change on thermal cycling to just 2 K, indicating that it
might be associated with metastable impurities or mechanical instabilities. The ﬂuctuations in
G(Vdc ) are reﬂected in the zero-bias (Vdc = 0) conductance as a function of temperature G(T ),
which can either decrease or increase with decreasing temperatures at low temperatures, sometimes showing both dependences in a single sample upon thermal cycling. The sharp structure
in G(Vdc ) can be described as arising from Fano resonances through resonant states in the
device. The positions of these peaks and dips frequently change on thermal cycling, indicating
that the resonant states may arise from metastable impurities or defects in the device.
Our devices consist of an isolated MWNT with four Au/Ti electrodes (ﬁg. 1). The arcgrown MWNTs, typically 2–5 µm long and 25–50 nm wide, were spun onto an Si substrate
with a 500 nm thick oxide layer from a suspension in dimethylformamide. After locating the
nanotubes with respect to ﬁducial marks, and patterning electrodes by electron-beam lithography, thin ﬁlm electrodes (5 nm Ti/50 nm Au) were deposited to make contact to the nanotube.
Prior to deposition, a short-time oxygen plasma etch was used to improve the metal-nanotube
contact resistance. High-resolution TEM studies of the etching process showed no visible damage to the MWNTs. Without this cleaning, the contact resistances were typically in the range
of a few kΩ to a few MΩ, while this process reduced the contact resistance to a few hundred
ohms. The presence of four electrodes enables us to make four-terminal resistance measurements on the MWNTs. In some devices, two external contacts were made to each electrode, as
shown in ﬁg. 1, enabling direct measurements of the electrode-nanotube contact resistance; in
the other devices, the contact resistance was inferred from diﬀerences between four-terminal
and two-terminal measurements. The typical distance between the voltage probes was 300 nm.
The samples were measured in a 3 He refrigerator and a dilution refrigerator. A home-made
ac resistance bridge was used to measure the four-terminal diﬀerential resistance dV /dI as a
function of dc current Idc using the probe conﬁguration shown in ﬁg. 1, with ac excitation (10–
100 Hz) in the range of 0.25–1 nA to avoid heating eﬀects. In our early experiments, we found
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Fig. 2 – G(Vdc ) of 4 samples, in units of e2 /h. The insets show G(T ). The average contact resistances
(per contact) are a) Sample 1: 1 kΩ at 4 K; b) Sample 2: 900 Ω at 4 K; c) Sample 3: 133 Ω and 173 Ω
at 12 K for the two inner contacts; d) Sample 4: less than 100 Ω at 4 K. Contact resistances were
inferred from diﬀerences between 2- and 4-terminal measurements of the devices, except for Sample 3,
where they could be measured directly.

the conductance had no measurable dependence on the voltage (up to 1 volt) applied to the
substrate underneath the oxide layer. This is consistent with the observations of other groups
that metallic MWNTs with low-resistance contacts showed no appreciable gate voltage dependence [5]. Consequently, in our later experiments, the substrates were kept ﬂoating. In this
paper, we shall plot our measurements in terms of the diﬀerential conductance G = 1/(dV /dI)
as a function of the dc voltage Vdc , obtained by numerically integrating the measured dV /dI
vs. Idc curves.
Figure 2 shows G(Vdc ) for four diﬀerent samples with contact resistances ranging from 1 kΩ
to less than 100 Ω, at two diﬀerent temperatures each, and demonstrates the sample-speciﬁc
behavior that can be seen in our devices. These samples represent behavior seen in over 14
devices that we have measured. G(Vdc ) is highly asymmetric and shows large ﬂuctuations,
with the pattern of the ﬂuctuations being diﬀerent for diﬀerent devices. In general, the
structure in G(Vdc ) becomes sharper as the temperature is lowered: the peaks increase in
conductance, while the valleys decrease in conductance. This gives rise to characteristically
diﬀerent temperature dependences for nominally identical samples: for example, if a peak
is observed at Vdc = 0, G(T ) will increase with decreasing temperature, while if a valley
is observed, it will decrease. (Of course, it is not necessary that either a peak or a valley
occur at Vdc = 0.) This is demonstrated in the insets to the panels in ﬁg. 2, which show
the corresponding G(T ) for each device. As demonstrated in ﬁg. 2, the structure in G(Vdc )
appears to increase on average as the resistance of the contacts decreases. Indeed, large
ﬂuctuations in G(Vdc ) are not seen in our samples with contact resistances in the kΩ to MΩ
range; one sees instead a largely symmetric curve with reduced conductance near Vdc = 0,
and correspondingly, a monotonically decreasing G(T ).
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Fig. 3 – a), b) G(Vdc ) of Sample 3 at two temperatures, on two diﬀerent cooldowns of the dilution
refrigerator, in units of e2 /h. a) First cooldown. b) Second cooldown. The insets show the measured
temperature dependence of G(T ). Note that G(T ) does not match G(Vdc = 0) exactly, as the sample
characteristics changed even on warming to 2 K. c) Time-dependent data taken at a temperature
of 35 mK.

G(Vdc ) varies not only from sample to sample, but can also change in a single sample as a
function of thermal cycling. Figures 3(a) and (b) show G(Vdc ) for the sample of ﬁg. 2(c), for
two diﬀerent cooldowns of the dilution refrigerator. As can be seen, there is a radical change
after warming to room temperature: while the most prominent feature at low temperature in
ﬁg. 3(a) is a peak, this feature has changed into a dip in ﬁg. 3(b). As we noted before, this
change is also reﬂected in G(T ), as shown in the inset to the panels in ﬁg. 3. Indeed, we found
that it was not necessary to warm the samples all the way to room temperature; warming to
temperatures on the order of a few kelvins changed the behavior of the sample, although the
change was not as dramatic as shown in ﬁgs. 3(a) and (b). In our ﬁnal measurements on this
particular device, we also observed that the sample switched between two diﬀerent conductance states, as shown in ﬁg. 3(c). The conductance diﬀerence between the two states is a few
e2 /h, much larger than our measurement noise. Similar “telegraph noise” has been observed
in other mesoscopic systems where it is associated with an impurity or defect moving between
two metastable states [11]. We believe the same phenomenon also exists in our samples.
Sample-speciﬁc ﬂuctuations of the conductance are well known in mesoscopic systems.
In the case of disordered metals and semiconductors, they are associated with quantum interference of electron waves that are scattered by impurities, defects or grain boundaries in
the sample [12]. So long as time-dependent scattering processes that destroy the phase of
the electron (processes such as electron-electron or electron-phonon scattering) are negligible,
the interference of electrons manifests itself as aperiodic or periodic ﬂuctuations of the conductance as a function of an external parameter such as gate voltage or magnetic ﬁeld [13].
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Furthermore, since scattering from each impurity or defect introduces a phase shift, the movement of the impurity by even a very small distance (equivalent to 1/kF , where kF is the Fermi
wave vector) will change the phase shift, resulting in a corresponding change in the conductance pattern [14]. Time-dependent conductance changes have been observed in disordered
metals, and this mechanism has been shown to be a source of 1/f noise in metals at low
temperatures [11].
The structure in the conductance of our samples shows a strong temperature dependence
only in very speciﬁc ranges in applied bias (see ﬁg. 2(b), for example). This rules out conductance ﬂuctuations in the diﬀusive regime as the source of these ﬂuctuations, as these would
not be conﬁned to speciﬁc ranges in applied bias. However, a similar interference mechanism
can also exist in relatively clean carbon nanotubes with one or a few number of impurities or
defects. In this case, the interference can be between electron waves that are directly transmitted, and those that are transmitted via a resonant state. This interference between directly
transmitted channels and resonant channels gives rise to a Fano resonance, well known in
atomic scattering [15]. For simplicity, we consider the case of a single directly transmitted
channel and a single resonant state. Transmission through the resonant channel is described
by an amplitude tr ( ) = zr Γ/(2( − 0 ) + iΓ) [16]. Without the factor zr , this gives the usual
expression for resonant transmission through a localized state of energy 0 (measured with respect to the Fermi energy F ) and intrinsic energy width Γ, Tr = |tr |2 = Γ2 /(4( − 0 )2 + Γ2 ),
with a transmission of Tr = 1 on resonance ( = 0 ). The transmission amplitude of the
direct√channel does not depend on , and can be described by an expression of the form
td = Td eiαd , where Td is the transmission of the direct channel, and αd describes the phase
diﬀerence between the direct and resonant path. The interference between the two paths is
taken into account by taking the sum of the transmission amplitudes to calculate the total
transmission coeﬃcient, Tt = |tr + td |2 . The resulting conductance can be expressed in the
Fano form
G( ) =

2e2 |2( −
2e2
Tt =
Td
h
h
4( −

0)
0

+ qΓ|2
,
+ Γ2

)2

(1)

√
where q = i + zr e−iαd / Td is the complex Fano parameter [16]. Note that far from resonance
(  Γ), the conductance reduces to G = (2e2 /h)Td .
A number of characteristics distinguish the resulting Fano resonance from other resonances
that might occur in carbon nanotubes. First, depending on the phase diﬀerence between
the resonant and non-resonant transmission channels, the Fano resonance can give rise to a
peak or dip in the conductance (or something in between). Second, the Fano lineshape can
be asymmetric about the transmission maximum or minimum. Finally, the position of the
resonance is determined by the energy of the resonant state, and does not necessarily occur at
the Fermi energy (zero bias). These distinguishing characteristics, which can be clearly seen
in our data, rule out other possible mechanisms (such as the Kondo eﬀect) for the structure
we observe in the diﬀerential resistance of our devices.
A few groups have recently reported the observation of Fano resonances in carbon nanotube
devices [17–19]. The Fano resonance appears as a structure in the diﬀerential conductance as a
function of source-drain bias [17,18]. Kim et al. measured the conductance of crossed MWNTs,
and observed a Fano resonance in two of the devices [17]. Noting that a Fano resonance
was never observed in devices without crossed MWNTs, they associated the presence of the
Fano resonance with the MWNT cross, although the mechanism by which a resonant state is
created was not discussed. Yi et al. measured the conductance of crosses consisting of metal
electrodes patterned across MWNT bundles [18]. In two of these devices, they observed nonmonotonic behavior of the conductance near zero voltage bias, which they ascribed to a Fano
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Fig. 4 – a) The Fano resonances in the conductance of Sample 3 from ﬁg. 3(a) at T = 20 mK (curve 1),
and ﬁg. 3(b) at 16 mK (curve 2). The data (open circles) are normalized to 4e2 /h, as discussed in
the text. The solid lines are ﬁts to the Fano function. b) The temperature dependence of the ﬁtting
parameters Γ and |q| of the data from ﬁg. 3(b), on a semilog plot. The solid line is a power law ﬁt to
Γ = 22.9 × T 0.21 µeV. The phase of q is nearly π/2 (1.58 ± 0.06).

resonance arising from interference between a Kondo resonance and non-resonant channels.
However, the nature of the localized state giving rise to the Kondo resonance was not made
clear. Furthermore, this interpretation is suspect in our opinion, because a Kondo resonance
typically arises at the Fermi energy, and the resonances observed by Yi et al. were observed
at voltage biases of 0.3–0.6 mV. Fano resonances have also been reported in SWNTs [19],
where it was speculated that the interference may be between two transport channels in a
single SWNT, or between transport channels on diﬀerent nanotubes in a SWNT bundle. In
all papers, the metastable behavior we observe was not reported.
Figure 4(a) shows the measured Fano resonances for the lower temperatures shown in
ﬁgs. 3(a) and (b), along with ﬁts to the Fano function given above. To obtain these curves,
the background conductance outside the region (Vdc = [−0.1 mV, −0.02 mV] for curve 1, and
Vdc = [−0.05 mV, 0.02 mV] for curve 2) has been ﬁt using a Fourier ﬁlter, and subtracted from
the experimental data. For the ﬁts, the well-deﬁned position of the resonances indicates that
one resonant state participates in the interference. If we assume that only one direct channel
participates in the interference, normalization of the data would give a conductance that
drops below zero. Consequently, for the ﬁts, we have assumed two direct channels (each with
conductance 2e2 /h) interfering with the resonant channel. These channels might correspond
to the two channels of a SWNT, with the assumption that other channels that contribute to
the background do not interfere with the resonant state. It can be seen that data are well
described by the Fano equation. The change from a peak to a dip in conductance is a result
of the annealing process, which presumably causes a change in the interference of the direct
transmission states with the resonant state.
Figure 4(b) shows the ﬁtted value of |q| and Γ as a function of temperature for the conductance dip shown in ﬁg. 4(a). Both |q| and Γ increase with increasing temperature. Although
the values we obtain for Γ are comparable to those obtained by Kim et al., the temperature
dependence is diﬀerent. Kim et al. observed a linear temperature dependence, which they
ascribed to thermal broadening of the linewidth, even though Γ was less than kB T . Our
temperature dependence is not linear, which is not surprising, since we are in the regime
Γ ≤ kB T . Fitting to a power law gives a dependence Γ  T 1/5 , shown as the solid line in
ﬁg. 4(b); the origin of this power law is not clear to us. In contrast, while |q| also increases
with temperature at higher temperatures, it appears to saturate below 100 mK. The phase of
|q| remains essentially constant over the ﬁtted temperature range.
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What is the possible origin of the resonant states in our samples? Although we are not
certain, the metastability we observe suggests that impurities or structural defects cause
variations in the potential seen by the electrons in the nanotube, which in turn lead to localized
electronic states with well-deﬁned resonant energies. Movement of the impurities or defects
can give rise to changes in the conductance through interference eﬀects. Although the changes
we observed in our samples typically occurred on the scale of days at low temperatures, we
have also observed changes on the scale of hours. If there are many such impurities moving on
a suﬃciently rapid time scale, this may be one mechanism for the large 1/f noise in carbon
nanotubes reported by some groups [20].
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