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Quantum Transport in a Multiwalled Carbon Nanotube
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We report on electrical resistance measurements of an individual carbon nanotube down to a
temperaturd” = 20 mK. The conductance exhibits allrdependence and saturates at low temperature.
A magnetic field applied perpendicular to the tube axis increases the conductance and produces aperiodic
fluctuations. The data find a global and coherent interpretation in terms of two-dimensional weak
localization and universal conductance fluctuations in mesoscopic conductors. The dimensionality of
the electronic system is discussed in terms of the peculiar structure of carbon nanotubes.

PACS numbers: 72.15.Gd, 73.20.Fz, 85.40.Hp

With the discovery by lijima [1] of carbon nanotube tion (WL) [6]. The effect of the magnetic field on the
(CN) structures, a new class of materials with a reducedensity of states predicted by Ajiki and Ando [3] is also
dimensionality has been introduced. The nanotubes ambserved. The mesoscopic dimensions of the CN result in
made of coaxial graphitic cylinders. Each cylinder can behe appearance of reproducible fluctuations of the MC with
visualized as the conformal mapping of a two-dimensionatespect to magnetic field. These fluctuations show an am-
(2D) honeycomb lattice onto its surface. Theoretical calplitude and a temperature dependence consistent with the
culations predict that structural parameters, i.e., diametepresence of universal conductance fluctuations (UCF) [7].
helicity, and number of concentric cylinders, strongly in-Our conductance measurements strongly support the idea
fluence the band structure and hence the electronic prophat isolated multiwalled nanotubes behave as disordered
erties of CNs [2]. This implies that a CN can either be amesoscopic 2D graphite sheets.
metal, a semimetal, or an insulator, depending on structural The carbon nanotubes were synthesized using the stan-
parameters. It has also been predicted that the presenced#rd carbon arc-discharge technique [8]. High resolution
a magnetic field will strongly affect the band structure neatransmission electron microscopy (TEM) images of our
the Fermi level [3]. CN materials reveal a few nanotube bundles and many

Up to now no electrical resistance measurements on irsingle tubes with an average diameter around 18 nm.
dividual nanotubes have been reported. Our group suc- In order to contact a nanotube, the growth material
ceeded to measure a microbundle (total diameter arourid dispersed on an oxidized Si wafer covered with an
50 nm) of multiwalled CNs [4]. At higher temperature array of large square gold pads. After evaporation of a
(T > 1 K) we observed a typical semimetallic behavior, thin gold film, a few layers of a negative electron resist,
consistent with the simple two-band model for semimetal-w-tricosenoic acid, is deposited using the Langmuir-
lic graphite. Songet al. reported on a large CN bundle Blodgett (LB) technique. The scanning tunneling micro-
exhibiting a behavior similar to that of disordered semi-scope (STM) is then used to locally expose the resist from
metallic graphite [5]. the CN towards the predefined gold pads [9,10]. The unex-

In this Letter we report on the first electrical resistanceposed parts of the LB film are dissolved in ethanol and the
measurements performed on an individual CN. In zeranprotected parts of the gold film are removed by Ar ion
magnetic field we observe a logarithmic decrease of thenilling. The result of the STM lithography is an electri-
conductance with decreasing temperature at high temperaally connected CN. High resolution TEM investigations
ture, followed by a saturation belo® = 0.3 K. Inthe of CNs with comparable diameter were used to check that
presence of a magnetic field, applied perpendicular to ththe CNs are not damaged by the ion milling process.
tube axis, a pronounced and positive magnetoconductanceac electrical conductance measurements at 15 Hz were
(MC), i.e., an increase of conductance with increasingerformed in the mixing chamber of a dilution refrigerator
field, is observed. The temperature dependence of the com a magnetic fieldB perpendicular to the tube axis. We
ductance in a magnetic field can be described consistentlyave been able to attach electrical contacts to four simi-
within the framework of the theory for 2D weak localiza- lar multiwalled CNs. All samples reveal the presence of
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a pronounced positive MC on which reproducible fluctua- We will now show that our results are consistent with
tions are superimposed. Here, we focus on the results faghe presence of 2D WL effects in the concentric graphite
one particular CN, having a lengih = 800 nm between cylinders forming the CN. The WL effects result from the
the two voltage probes and a diameter= 20 nm, as de- enhanced backscattering probability for the electrons due
termined by atomic force microscopy. Three contacts weréo the constructive interference between the partial elec-
attached to our CN sample, which allowed us to checkron waves traveling back to their original position along
directly that the contact resistances were negligible comtime-reversed paths [6]. Since the constructive interfer-
pared to the total longitudinal resistance. The observednce is destroyed by inelastic scattering (by other electrons
impedance was in the Ohmic regime for currents rangingr phonons), the backscattering becomes much more pro-
from 107! to 10~° A, and did not present any capacitive nounced at lower temperatures, where the inelastic scatter-
component. ing timer;,(T) « T~7, with p depending on the dominant

In Fig. 1 we present the conductan@eas a function of inelastic scattering mechanism.
temperature for the CN. The conductance clearly shows a At the lowest temperatures, the spin scattering at mag-
InT dependence followed by a saturation at low temperanetic impurities, with a characteristic scattering time
ture, while the MC is positive at all temperatures. Thewill also contribute to the destruction of the interference
saturation ofG occurs at higher temperatures in the pres-effects [6]. The spatial extent of the interference effects is
ence of a magnetic field. A Thdependence either can be limited to the phase coherence length = /D4, where
indicative of weak localization [11] or disorder enhancedD is the elastic diffusion constant and the phase coher-
electron-electron interactions [12] in 2D systems or can bence timer,, describes the combined effect of the inelastic
the signature of a Kondo anomaly due to the presence &fnd magnetic scattering;;l(T) = Tigl(T) + 271, For
magnetic impurities [13]. The presence of a Kondo ef-2D materials the WL results in a reduction of the conduc-
fect is very unlikely, since this effect has never been obtance which depends logarithmically on the relevant length
served in graphitic materials even containing detectablgca|eL¢(T)_ This implies that the WL causes a logarith-
amounts of magnetic impurities [14]. Moreover, spectro-mic decrease of; in the highest temperature range, where
graphic analysis revealed that our CN material containg; (T) < 7, and a saturation af at the lowest tempera-

less than 10 ppm (detection limit) of magnetic impuritiestures, whereri,(T) > 7,. This is exactly the behavior
[15]. The data in Fig. 1 also rule out the presence of prewnhich is observed in Fig. 1 & = 0 [16].

dominant disorder enhanced electron-electron interactions Assuming that the spin-orbit scattering is weak [14], the
since they should exhibit an opposite behavior, i.e., a posiwL theory can also account for the pronounced positive
tive MC and a saturation of the low-temperature conducMcC in the presence of a perpendicular magnetic field.
tance which is independent of the magnetic field [6]. Indeed, the magnetic field also contributes to the dephasing
of the interference effects when the Landau orbit sige=

v/ hi/eB becomes smaller than the phase coherence length
L4(T). For a sufficiently high magnetic field, i.e., when
Lp < Ly = /D7y, the applied magnetic field governs
the saturation of the conductance at lower temperatures.
This is in agreement with the observation in Fig. 1 that
the saturation ofG occurs at higher temperatures when
increasing the magnetic field.

In contrast to crystalline graphite, the random stacking
of graphene sheets in turbostratic graphite induces a 2D
behavior of the electron system with respect to the WL
effects [14]. The cylindrical structure of CNs produces
a similar situation since the relative positions of carbon
atoms in adjacent cylinders of a CN are randomized due
to their specific geometry. Consequently, each individual
graphite cylinder behaves as an individual intrinsic 2D

Conductance [10'5 Q]

1 L L L system. Inthe presence of 2D WL effects, the conductance
0.01 0.1 1 10 100 of the CN, contributed by cylinders in parallel, is related
Temperature [K] to the 2D conductivitye via G = omnd/L and is given
by [6]

FIG. 1. Electrical conductance as a function of temperature at
the indicated magnetic fields. The solid lines are fits by Eq. (1)
with parameterp = 1, n = 4, andT, = 0.3, 1.1, and 1.5 K at e2 nmd T p
B = 0,7, and 14 T, respectively. The dashed line separates the G(T) = Gy + 52r 7 In[l <—> }
contributions to the magnetoconductance of the Landau levels 2mh L Te(B, 7y)

and the weak localization. Q)
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The quantitative analysis of the conductance using
Eqg. (1) provides us with values = 1, n = 4, andT,. at
different B (Fig. 1). The valuep = 1 is in agreement
with previous experiments [14] and indicates that the
dominating inelastic scattering mechanism is likely to
be disorder enhanced electron-electron scattering in 2D
systems [17]. The value for is likely to be smaller
than the total number of concentric cylinders which are
present in the multiwalled CN. Indeed, we make electrical
contacts mainly to the outer cylinder and the coupling

Magnetoconductance [a.u.]

with the inner cylinders is very weak due to the very /1\/ [0_05 eZ/h
large anisotropy of the graphitic material. Moreover, 002 o7
nonconducting cylinders may also be present. :

The observation of weak localization requires that 0 2 4 e s 0 b 1
elastic scattering dominates inelastic scattering. This .
generally limits the observation of weak localization as Magnetic Field [T]

the temperature increases. However, contrary to COMMOAG, 2. Magnetic field dependence of the magnetoconduc-
metals, weak localization was observed up to relativelytance at different temperatures.

high temperatures in 2D turbostratic graphite [14]. This
comes from the basic differences between common meta{g) and Landau level effects. Similar fluctuations have

and graphitic materials, including CNs, where importantyfien heen observed [7] in disordered metals and semicon-

parameters such as screening, Debye temperature, agfcior structures and have been related to the tuning of

Fermi energy are drastically different. sample-specific electron interference processes by the per-
The WL theory predicts that wheh > T, the conduc-  pendicular magnetic field (Aharonov-Bohm effect) [18].

tance becomes independent®f6]. The data in Fig. 1 These fluctuations are well known as “universal conduc-
show that this is not the case and that there is an additiongdyce fluctuations.” The rms amplitude of the fluctua-

contribution to the MC of the CN which is independent of 1i5ns s G reaches the “universal’ value &G ] ~ 2/h
temperature. Ajiki and Ando [3] have pr.edi.cted' the fo.r- as soon as the sample sizebecomes smaller than both
mation of Landau states when a magnetic field is applieghe phase-coherence lengthy and the thermal diffusion

perpendicular to the nanotube axis. In particular, a Lany, ngthL; — v/AD/ksT [19]. When eithetL, or Ly be-

dau dlevtel sr;)oulg fotrhm atbthe crossing tct)1f tZe vetlencfe ta? omes smaller thah, the shorter of these two length scales
conduction bands, thereby Increasing the densily ot Slalee,, e g the amplitude of the fluctuations.

_?_Lthe Felr[_ml Ieve_It,_ anﬁl/lgence mcrte?jstln% tr:e condLictan_c “We will now show that the results presented in Fig. 2
€ resuiting positive IS expected to be lemperature Nz o ¢opsistent with the stochastic self-averaging of the

dependent as long &7 remains smaller than the width CE whi . - :
: . which occurs in samples with > L,. Figure 3
of the Landau level. Previous results obtained on a Cl\&J P ¢ 9

bundle [4] revealed a behavior consistent with these pre-

dictions. In the present work, we attribute the additional 10"

temperature independent positive MC to the same mecha-

nism. Both 2D WL and “Landau level” (LL) contribu-

tions to the MC can be separated as illustrated in Fig. 1 for °

B=17T. *
The temperatur&,, which is obtained from Eq. (1) cor-

responds td.; = L;,(T.) for low magnetic fields and to

Lp = L, (T,) for sufficiently high fields. The data for

B = 14 T allow us to determine thdt;, = Lz = 7 nm at

T =T, ~15K. SinceL,, = /Dy, « T ?/2,the zero-

field data giveL; = Ly, =20nm at7 = T. = 0.3 K.

Thus, at the lowest temperaturég is smaller than but

comparable td., implying that we may observe interfer-

ence phenomena related to the mesoscopic dimensions of

the CN. T
In Fig. 2 we show the details of the MC behavior at ' )

different temperatures. At low temperature, reproducible, Temperature [K]

aperiodic fluctuations of the conductance appear, which angig. 3. Temperature dependence of the amplitudé Gffor
superimposed on the positive background caused by tharee selected peaks (see arrows in Fig. 2) as well asdirs
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