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Magnetoresistance and differential conductance in multiwalled carbon nanotubes
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We have measured both the magnetoresistance and differential conductance of multiwalled carbon nano-
tubes as a function of magnetic field perpendicular to the tube axis. The measured differential conductance
showed a large depletion of the density of states near the Fermi level and its magnitude was changed with a
magnetic field. It was found that the aperiodic fluctuations and negative magnetoresistance mainly originate
from the change of density of the states near the Fermi level with the magnetic field, rather than a quantum
interference effect. At a particular magnetic field, the true metallic conduction along the outermost shell was
observed, and the conductance approached the theoretical value, 2G054e2/h, as the temperature was lowered.
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Recently, there have been numerous reports on elect
transport properties in carbon nanotubes with the aid
nanofabrication techniques and novel contact methods1–5

Most of the magnetotransport studies on carbon nanotu
reported the appearance of negative magnetoresistance~MR!
and reproducible resistance fluctuations, which were ge
ally explained in terms of two-dimensional weak localizati
theory and universal conductance fluctuations based on
‘‘diffusive’’ nature of conduction electrons.2–5 A clear peri-
odic oscillation in the MR with a magnetic field parallel
the tube axis was also observed and explained within
context of the well-known Al’tshuler-Aronov-Spivak effect6

However, carbon nanotubes are predicted theoreticall
be ideal‘‘ballistic’’ conductors with only two occupied one
dimensional subbands, and the conductance should re
2G0(54e2/h).7,8 Recently, Franket al.7 observed that a
nanotube can conduct current ballistically with a quantiz
level of G0 at room temperature, suggestingballistic trans-
port over micrometer distances. This observation is defini
inconsistent with the weak localization picture based on
diffusivenature of electrons. Also, the electronic band str
ture of the nanotube is predicted to be drastically distorte
the presence of the magnetic field.9,10 In a magnetic field
perpendicular to the tube axis, a Landau level forms at
cross of the valence and conduction bands, thereby incr
ing the density of states~DOS! near the Fermi level, result
ing in a negative MR.9 In a parallel field, the band gap nea
the Fermi level exhibits periodic modulations as a funct
of magnetic flux passing through the nanotube with the
riod of h/e.9,10 In spite of intensive studies so far, there h
been no clear evidence on the change of the DOS nea
Fermi level with a magnetic field. Most of transport me
surements up to now ignored such a magnetic-field-indu
band effect and were mainly described by the quantum in
ference effect.1–5
PRB 610163-1829/2000/61~24!/16362~4!/$15.00
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In order for the clear understanding in the low
temperature transport properties in this material, the follo
ing point has to be elucidated clearly. There is no consen
on whether the nanotube can conduct current ballistically
diffusively. The existing transport measurement results a
theoretical predictions are inconsistent with each other,
mentioned above. One insists that the whole low-tempera
conduction can be explained reasonably in terms of the w
localization scheme,2–4 the other insists that nanotubes c
conduct electrons ballistically even at room temperature.7 To
resolve this inconsistency, one must measure both the di
ential conductance (dI/dV) to probe the DOS near the Ferm
level and the MR for the same sample.

In this study, we have measured both the MR anddI/dV
of multiwalled carbon nanotubes as a function of magne
field perpendicular to the tube axis. A pronounced nega
MR and superimposed reproducible aperiodic fluctuatio
were observed. The measureddI/dV curves showed a large
depletion of the DOS near the Fermi level and its magnitu
changed with the magnetic field. It is found that the me
sured aperiodic fluctuations and MR were critically depe
dent on the change of the DOS near the Fermi level with
magnetic field. Our results clearly show that the magne
field-induced band transport rather than the quantum in
ference effects mainly govern the low-temperature cond
tion properties in this system.

The multiwalled carbon nanotubes synthesized by an
discharge method were prepared on a Si substrate wi
500-nm-thick thermally grown SiO2 layer. The patterns for
electrical leads were generated usinge-beam lithography
onto the selected carbon nanotube, and then 20 nm of Ti
50 nm of Au were deposited successively on the contact a
by thermal evaporation. Figure 1 shows the scanning e
tron microscopy~SEM! image of one of the samples~S1!
with the four electrodes being denoted. The separation
tween voltage probes was about 520 nm~110 nm! for the
R16 362 ©2000 The American Physical Society
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sampleS1 (S2) and the diameter of the selected carb
nanotube about 25–30 nm. To form ohmic contacts betw
the nanotube and the Ti/Au electrodes, we have perform
rapid thermal annealing at 600–800 C for 30 s.11 Each con-
tact resistance was below 3.5 kV (0.5 kV) for the sample
S1 (S2) in the whole measured temperature range.

Figure 2 shows the four-probe MR curves of the sam
S1 ~Fig. 2! andS2 ~inset of Fig. 2! in a perpendicular mag
netic field at different temperatures. Reproducible and ap
odic fluctuation features with relatively large amplitudes c
be seen with a superimposed negative MR. The shape o
MR curves is quite similar to those of Langeret al.2 and
Schönenbergeret al.5 This kind of aperiodic fluctuation ha
commonly been observed in carbon nanotubes and is rea
ably well explained by the well-known ‘‘universal condu
tance fluctuations’’ mechanism. The negative MR was a
interpreted as a Landau level effect by Langeret al.2 and as
a one-dimensional weak localization effect by Scho¨nen-
bergeret al.5 As temperature is lowered, the overall stru
tures become clearer and the amplitude of fluctuation
comes larger. One interesting observation is that
amplitude of the MR was not changed at the particular fi
at H'7.0 T ~4.0 T! for the sampleS1 (S2), and its value
remains around 6.45 kV (5h/4e2) as the temperature wa

FIG. 1. Scanning electron microscope image of sampleS1 used
in this study. The four electrodes used in the measurement are
noted in the figure.

FIG. 2. The four-probe MR curves for sampleS1 in a perpen-
dicular magnetic field with a bias current of 50 nA at various te
peratures. Inset: the four-probe MR curves for sampleS2 in a per-
pendicular magnetic field with a bias current of 0.5 nA. The dot
line represents the resistance value of 6.45 kV (5h/4e2).
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lowered. In the case of single multiwalled nanotubes with
tube diameter of 20–35 nm, we found that the resistance
the metallic state were around 2G0 at sufficiently low tem-
peratures.

This observation can be confirmed further by examin
the temperature dependence of the resistance as a functi
magnetic field. Figure 3 shows the resistance~R! vs tempera-
ture~T! data of the sampleS1 in the temperature range 0.1
,T,80 K at various magnetic fields, with a 50 nA bia
current. The zero fieldR vs T data shows a ln(T) dependence
followed by a saturation below 2–3 K. However, an unus
temperature dependence of the resistance was observ
H'7.0 T, at which the MR value was not changed as
temperature was lowered and approached aro
6.45 kV (5h/4e2). The resistance at 7.0 T shows a tr
metallic temperature dependence of resistance without
weak localization effect below 30 K, commonly found in th
crystalline materials, that is, the resistance decreases a
temperature is lowered. At lower temperatures, resista
saturates around 6.45 kV (5h/4e2), the minimum resis-
tance for one graphene cylinder. At sufficiently low tempe
tures, it is known that the electrical conduction through t
outermost shell would be dominant in a multiwalled nan
tube. Neighboring shells of multiwalled nanotubes in gene
have different chirality, so that it can be considered a
series of tunnel junctions along the radial direction.12,13

Thus, thermally activated layer-to-layer hopping is known
be only possible at high enough temperatures above 1
due to the relatively large hopping energy. It is believed t
the turning point of the resistance at 7.0 T near 35 K sho
in Fig. 3 would be a starting temperature for the outerm
shell conduction, so that the electric conduction can mo
occur along the outermost graphene sheet below 35 K. T
one graphene sheet would have a metallic temperature
pendence of resistance without any weak localization cor
tion, found in the crystalline materials.

To clarify the origin of the unusual temperature depe
dence of the resistance and the aperiodic resistance fluc
tion, we have measured the current-voltage (I -V) character-
istics with varying magnetic fields and obtaineddI/dV

e-

-

d

FIG. 3. The temperature dependence of the four-probe re
tance for sampleS1 in the presence of a perpendicular magne
field. The dotted line represents a resistance value of 6
kV (5h/4e2).
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curves. To avoid the contact effect, we have employe
four-probe technique in measuring theI -V characteristics.
We have also measured the two probeI -V characteristics and
found no differences in the curves except the addition o
magnetic-field-independent contact resistance. NonlinearI -V
characteristics were observed in the low bias region.

Figure 4 shows thedI/dV curves near the resistanc
maximum (H53.0 T! and minimum (H57.0 T! points at
4.2 K, respectively. The shape of thedI/dV curve at the
resistance minimum is quite different from that at the res
tance maximum. ThedI/dV curves forH53.0 T showed a
large depletion of the DOS with a size of about 1.8 meV
both sides of the Fermi level. Since theI -V characteristic is
highly nonlinear at the depletion region, the MR chang
considerably by varying the bias current level and tempe
ture. We found that the whole transport properties are c
cally dependent on the change of the DOS near the Fe
level.

At the resistance minimum (H57.0 T!, on the other hand
the dI/dV curve becomes rather flat without a depletion
DOS and shows true ohmic behavior. Also note that the c
ductance value at this field approaches at the theore
value, 2G054e2/h, regardless of temperatures below 4
Also, MR did not change with varying the bias current ind
cating the ohmic behavior. The appearance of a metallic
a flat DOS is quite consistent with the temperature dep
dence results. The flat and metallic DOS without a deplet
could give a true metallic temperature dependence of
resistance, that is, the resistance decreases as the tempe
is lowered, as mentioned above. In this case, true met
conduction along the outermost graphene sheet starts b
35 K, and the conductance increases and finally saturate
the maximum theoretical value, 2G054e2/h, as shown in
Fig. 3.

The change of the DOS near the Fermi level with vary
magnetic field was confirmed by observing the perspec
view of dI/dV(V,H) curves at 4.2 K as a function of bia
voltageV and magnetic fieldH, as shown in Fig. 5~a!. The

FIG. 4. ThedI/dV curves for sampleS1 near the resistanc
maximum (H57.0 T! and minimum (H53.0 T! points at 4.2 K.
Inset: the temperature dependence of thedI/dV curves atH53.0 T.
The dotted line represents the resistance value of 6
kV (5h/4e2).
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cross-sectional view of Fig. 5~b! at V'0.5 mV retrieves the
MR curve exactly in Fig. 2. They clearly demonstrate t
change of the DOS near the Fermi level as a function of
magnetic field. They also show that the measured MR
aperiodic oscillations originate from the change of DOS n
the Fermi level with the magnetic field. At the resistan
minimum (H'7.0 T!, on the other hand, thedI/dV curve
becomes rather flat and the MR become insensitive to
bias level as mentioned. More careful analysis shows

5

FIG. 5. ~a! A perspective view of thedI/dV(V,H) curves for
sampleS1 at 4.2 K as a function of bias voltageV and magnetic
field H. ~b! A top view of thedI/dV(V,H) curves for sampleS1
and the cross-sectional plot along the dotted line.
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there exist two peak structures indI/dV curves near11 mV
and20.5 mV around 7.0 T, which seems to be related to t
1d subbands originating from thep and p* bands of a
graphene sheet.8 Due to the two available subbands at t
Fermi level, the nanotube should ideally have a conducta
of 2G054e2/h. At the resistance maximum (H53.0 T!, a
relatively large depletion of the DOS~dark regions in Fig. 5!
can be seen. As the temperature is lowered, the deple
near the Fermi level becomes more and more pronounce
shown in the inset of Fig. 4. It is also found that the log
rithmic temperature dependence of the resistance below'30
K also mainly originates from the temperature dependenc
the DOS, not from two-dimensional weak localization. Thu
the electrical transport in this system must reflect the te
perature and bias dependencies of the DOS near the F
level, which varies considerably as a function of magne
field and temperature. Our data can be explained by the m
netic field– and temperature-dependent depletion of the D
without introducing weak localization effects.9

As for the origin of the magnetic-field-modulated DO
Ajiki and Ando9 predict that in a magnetic field perpendic
lar to the tube axis, the band gap is strongly reduced due
formation of 2D Landau states, and the energy spectra
proach those of a graphene sheet. These result in a m
on
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tonic decrease of the MR. Although our experimental resu
show the predicted gradual decrease of MR with increas
magnetic field, the size of the depletion of the DOS and
modulation features of MR are far from the theoretic
predictions.9 The measured energy gap (;1.7 meV! is one
order of magnitude smaller than the theoretically predic
value. The most unusual observation is the existence of a
riodic fluctuations of the MR in the perpendicular field t
tally absent in the theoretical predictions.9 Since the nano-
tube has chirality, the electrons can move along the hel
trajectories and pick up the Aharonov-Bohm–type pha
even in the presence of a magnetic field perpendicular to
tube axis, resulting in the modulation of the MR, as in
parallel field. We believe that the unique structural char
teristics of the nanotube can give rise to a modulation of
MR with the magnetic field, even in a perpendicular dire
tion, just as in the parallel field case. Further theoretical a
experimental studies are required for a clear understandin
the observed MR and the depletion of the DOS.
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