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Electrical transport in doped multiwalled carbon nanotubes
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The effects of doping, electron coherence, and electron correlation on the transport properties of boron-
doped multiwalled carbon nanotubes are studied. Substitutional boron lowers the Fermi level of the tubes and
increases the number of participating conduction channels without introducing strong carrier scattering. From
300 to about 50 K, the tubes show metallic behavior with weak electron-phonon coupling. At lower tempera-
tures the resistance increases, and a zero-bias anomaly is observed. The magnetoresistance is now negative
indicating the importance of coherent back-scattering processes. The coherence lengths are measured and
dephasing is found to involve weakly inelastic electron-electron collisions. The temperature dependence of the
resistance as well as the other low temperature observations can be accounted for by one-dimensional weak-
localization theory.
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Carbon nanotubes~CNT’s! are low-dimensional material
with fascinating electrical properties. Single shell nanotu
can be metallic or semiconducting depending on their ato
arrangement. While there is a reasonably good agreem
between the electronic structure determined by scanning
neling spectroscopy and single-electron approximation-ba
calculations,1–3 low-temperature transport measurements
single-walled nanotubes reveal complex many-bo
effects.4–7 Multiwalled nanotubes~MWCNT’s! are even
more complex systems. In principle, the shells of a MWCN
can have different chiralities. The incommensurate chara
of the stacking of the different shells and momentum cons
vation requirements lead to weak coupling between
shells of a MWCNT. As a result, the current at low bias a
temperature in a bulk-contacted MWCNT flows only throu
the outermost shell.8 With respect to the transport mech
nism, some studies have concluded that transport
MWCNT’s is ballistic even at room temperature,9 while oth-
ers concluded that the transport is Ohmic.10

Here we present a study of the transport characteristic
MWCNT’s. One important issue involves the role of defec
on electrical transport. In particular, substitutional impurit
may influence transport through scattering and active dop
For this reason we use MWCNT’s substitutionally dop
with boron. We also examine the strength of electron-pho
scattering and electron-electron scattering, and evaluate
role of electron coherence and many-body effects on
low-temperature electrical behavior of MWCNT’s.

In our study we use four-probe~4P! and 2P resistance an
magneto-resistance~MR! measurements covering the tem
perature range from 300 to 4.2 K. We find evidence
boron-induced multi-mode conduction, and, to the best
our knowledge, for the first time in MWCNT’s, a clear m
tallic region with linear temperature dependence is obser
upon cooling. This is followed at lower temperature by t
formation of a disorder-induced, weakly localized sta
~WL!. Coherence lengths are extracted from the magn
resistance ~MR! measurements, and weakly inelas
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electron-electron collisions are found to dominate the de
herence mechanism. While a power law can fit the tempe
ture dependence of the conductance, a behavior suggesti
Luttinger liquid formation, coherent back-scattering effec
better account for the overall transport behavior.

The B-doped multiwalled carbon nanotubes~B-
MCWNT’s! were produced by arc discharge between gra
ite electrodes containing boron.11 The content of boron in the
MWCNT is not very precisely known, but K-edge electro
energy-loss spectra indicate a boron content of about 1
The nanotubes were purified using microfiltration and s
pended in 1,2-dichloroethane. This suspension is used to
perse the nanotubes on SiO2 substrates bearing the 30 n
thick Ti/Au metal electrodes. The electrodes consist of 2
nm wide fingers separated by gaps of 250 nm. This se
allows us to perform both 2P and 4P resistance meas
ments on single B-MWCNTs. The a.c.~23.3Hz! probe volt-
age is kept belowkBT/e over the whole temperature rang
~4.2 K to 300 K!.

Below we present electrical data on two representa
B-MWCNT’s. Their diameters are 27 nm and 17 nm f
samplesS1 andS2, respectively. The first important obse
vation is that the low bias conductances of the samples
significantly higher than expected. At room temperatu
sampleS1 hasG2P5174 mS andG4P5443 mS while S2
has G2P5222 mS and G4P5500 mS. Since a metallic
nanotube shell does not have more than two bands cros
at the Fermi energy (EF), the maximum conductance pe
carbon shell expected at low bias isG52(2e2/h)
5155 mS. We have to conclude then that more than t
conduction channels contribute to the low bias conducta
in the B-MWCNT’s. Scanning tunneling microscopy~STM!
spectra of the B-MWCNT’s on graphite show a lowering
the Fermi level (EF) of the nanotube by<0.1 eV.12 The
energy states~van Hove singularities! of metallic nanotubes
with diameters D are separated by 3a0g0 /D, wherea0 is the
C-C bond length~0.141 nm!, andg0 is the nearest-neighbo
C-C interaction energy~2.9 eV!. Thus, we find for our
©2001 The American Physical Society04-1
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samplesS1 andS2 that upon a 0.1 eVEF shift, at least 6 and
4 channels can participate, respectively, in conduction.
deed, this number of channels can account for most of
resistance measured at 300 K. Moreover, as in graphite,
stitutional boron may also enhance the coupling between
carbon shells of the MWCNT.13 It is, therefore, possible tha
more than one shell contributes to conduction even at
bias.

Upon cooling, the B-MWCNT samples in Fig. 1 show a
initial linear decrease of both the 2P and 4P resistances d
to a crossover temperatureT* . The linear decrease of th
tube resistance with decreasing temperature is characte
of metals, and has been ascribed to electron-phonon (e-ph!
scattering.14 While this behavior has been observed in sing
walled CNT~SWCNT! bundles,15,16 to our knowledge it has
not been seen in single MWCNT’s or SWCNT’s. The obs
vation of the metallic behavior in our experiments is due
the reduced influence of the contact resistance in 4P an
2P measurements, along with the lowering of the Fermi le
by the boron doping. The linear slope of the resistance
temperature curves,dR/dT, is in the range of 0.3V/K to
0.5 V/K in the different B-MWCNT’s studied.

The vibrational relaxation timete2ph can be estimated
assuming the tube is a one-dimensional~1D! conductor with
a conductanceG5(2e2/h)(nFte2ph)N/L, wherenF is the
Fermi velocity,8 L is the electrode separation, andN is the
number of the participating conduction channels. First,
applying Matthiessen’s rule we can extract the elastic m

FIG. 1. Top: Temperature dependence of the resistanceR ~T!
normalized byR ~300 K! for two multiwalled nanotubes:S1 (d
527 nm) andS2 (d517 nm). ForS1: R2P (300 K)55.63 kV,
and R4P (300 K)52.23 kV, while for S2: R2P (300 K)
54.5 kV and R4P (300 K)52.0 kV. Bottom: The low-
temperature resistance is fitted to one-dimensional we
localization theory.
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free pathLel5220–250 nm, i.e., similar to the spacing b
tween the electrodes. Since the average separation betwe
atoms is estimated to be below 10 nm, the largeLel indicates
that substitutional boron produces little scatterering
MWCNT’s. This is in accord with theoretical prediction
that point defects in large diameter tubes would lead to v
weak back-scattering.17,18 The relaxation timete2ph is esti-
mated to be about 0.4 ps at 300 K. This value is about
times longer than the relaxation time in copper,19 but about
10 times shorter than a similarly determined relaxation ti
in undoped SWCNT ropes.16 The latter is also in agreemen
with a real time study of energy relaxation in SWCN
ropes.20 The apparent faster relaxation in B-MWCNT’s com
pared to SWCNT’s is likely due to a stronger suppression
back-scattering in the strictly 1D SWCNT’s, and the parti
pation of several modes in the B-MWCNT case.

At T,T* the resistance starts to increase with decreas
temperature. To determine the origin of this behavior,
first discuss the results of MR measurements over the s
temperature range. Figure 2~a! shows the MR of sampleS2
measured at different temperatures with the magnetic fi
perpendicular to the tube axis~circles!. A negative MR, i.e.,
a decrease inR with increasing field, is observed. Negativ
MR is characteristic of a material in a WL state due to c
herent back-scattering processes.21,22 This is in accord with
the findings of Schonenbergeret al.23

The conductance change due to WL for an 1D nanot
with diameterD and lengthL is given by24,23

DG~B!5
20.62Ne2

\L S 1

Lw
2 1

D2

12l B
2 D 21/2

, ~1!

k-

FIG. 2. ~a! Two-probe magnetoresistance forS1 at different
temperatures in the magnetic field perpendicular to the tube a
~b! the phase coherence length extracted from the MR in perp
dicular field ~circles!, and parallel field~triangles! as a function of
temperature. Lines are the fits to the Nyquist dephasing theory
4-2
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where Lw is the electron phase coherence length, andl B
5(h/eB)1/2 is the magnetic length.Lw is determined by fit-
ting the MR results to Eq.~1!. An excellent fit to the experi-
mental data using the 1D-WL theory is shown by the so
lines in Fig. 2~a!. ~The 2D-WL theory does not give a goo
fit.! The dominant dephasing mechanism can be determ
by analyzing the temperature dependence ofLw . The coher-
ence lengths forS2 at different temperatures are plotted
circles in Fig. 2~b!. The fit shows that theLw between 4 K
and 70 K can be described very well byLw(nm)
51114T21/3266 ~solid line!. When the magnetic field is
parallel to the tube axis, the conductance change is g
by24

DG~B!5
Ne2

p2\L S 1

Lw
2 1

D

2l B
2 D 21/2

. ~2!

The coherence lengths obtained from the fits of MR in
parallel magnetic field with Eq.~2! are plotted in Fig. 2~b! as
triangles. They can be described byLw(nm)51132T21/3

239 ~dashed line!. The two measurements of the coheren
lengths agree remarkably well with each other over the en
temperature range studied. The temperature dependen
the phase coherence length,Lw(nm)}T21/3, indicates that at
low temperatures dephasing is dominated by weakly inela
electron-electron interactions via the Nyquist mechan
~i.e., interaction of one electron with the fluctuating fiel
produced by all other electrons! as found in many other 1D
and 2D systems.22,24,25Completely analogous behavior wa
observed in sampleS1, where theLw in the range ofT
54.2–30 K can be expressed asLw(nm)51861T21/3

2226 in the perpendicular field and asLw(nm)
51434T21/3282 in the parallel field.

Thus, this analysis shows that the coherence lengths
quite long, and that there is an excellent agreement betw
the data and the predictions of dephasing via Nyquist t
scattering over a wide temperature range up to about 70
The Lw obtained here are larger than the tube circumfere
but smaller than the tube length, and alsoLw@Lel at low T.
This indicates that the MWCNT’s act as 1D conductors w
respect to WL despite their large diameter. Under these c
ditions the MWCNT’s are in the weak-localization regim
where transport is diffusive. From the intercept of theLw vs
T curve, the value of the diffusion coefficientD
50.5 m2 s21, and the dephasing timet;1 ps ~at 4 K! are
obtained.

We now return to consider the low-temperature behav
of the resistance~Fig. 1!. The theoretical expression fo
R(T) due to the first-order quantum correction atB50 for a
1D-WL system can be expressed as24

R~T!2R0

R0
5

e2

p2\su
@6.1Lw~T!14.91bLT~T!#, ~3!

wheresu is conductance of the 1D system per unit lengthb
is a screening factor, andLT5(hD/2pkBT)1/2 is the thermal
length. The temperature dependence of the 2P and 4P r
tances for bothS1 andS2 tubes can be well described by E
~3!, as shown by the solid lines in Fig. 1. In the fitting,Lw(T)
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obtained from MR data was used, and it was found that
contribution from the second term in Eq.~3!, which de-
scribes large energy transfer ine-e collisions is negligible.

In recent work, the low-temperature dependence of
conductance of SWCNT’s has been discussed in term
Luttinger liquid ~LL ! theory.4–6 A key manifestation of the
presence of the LL state is the existence of a power-
dependence of the tunneling conductance on tempera
G}Ta. Bockrathet al. reported, to the best of our knowl
edge, for the first time, LL behavior in SWCNT bundles
the range of 8 to 300 K, and obtained values ofa in the
range of 0.33 to 0.38~for bulk coupling of the tube to the
leads!.6 More recently, Egger26 has suggested that the L
state can also be present in MWCNT’s. He predicted that
a exponent of the outer shell would be reduced by the in
action with the other metallic shells in the MWCNT. To te
the possibility of a LL-based interpretation of the low
temperature behavior of our B-MWCNT’s, we plot the co
ductance ofS1 andS2 as a function ofT on a log-log scale
@Fig. 3~b!#. A good power-law fit is obtained at the lowe
temperatures, givingG(2P)S1}T0.02, andG(4P)S1}T0.03 ~T
below ;30 K) and G(2P)S2}T0.05 ~T below ;50 K).
These measurements are not influenced by Coulomb bl
ade as in the case of SWCNT’s.6 However, thea values
obtained are very low. Following Egger,26 thesea values
imply screening by an unrealistically large number of met
lic shells (N.15) in the MWCNT. Furthermore, Coulom
inhibition of tunneling due to disorder-enhanced correlat
also can give rise to a power-law temperature dependenc
the conductance.27

FIG. 3. ~a! Temperature dependence of the conductanceG ~T!
normalized byG ~300 K! for S1 andS2. ~b! Zero-bias anomaly
~ZBA! seen indI/dV vs V plots as a function of temperature. Th
boron-induced peak is indicated by the arrow.
4-3
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dI/dV vs V curves@Fig. 3~b!# show a zero-bias anomaly
Such an anomaly is usually considered as a manifestatio
the LL state. However, disorder-enhanced electron corr
tion can also give rise to a zero-bias anomaly.28 Finally, we
point out a weak peak nearEF in Fig. 3~b! ~see arrow!. A
similar peak was observed in the STM spectra of B-dop
MWCNT’s.12 From the temperature dependence of this p
we can conclude that it originates from the free accep
BC3 local structure.

From the above discussion it is clear that although so
of our observations are suggestive of the formation of an
state, all of the observations can be interpreted in term
coherent back-scattering processes and the formation
weakly localized state at low temperatures. We note in p
ticular that currently there are no predictions on the beha
of a nanotube in the LL state in a magnetic field.

In conclusion, we have studied the importance of imp
rity, phonon, and electron-electron scattering on the trans
in B-doped MWCNT’s. B-doping affects transport by shif
ing the Fermi level and thus changing the number of part
pating conduction channels without introducing strong ba
scattering. Upon cooling, the resistance of the tubes initi
shows a linear decrease with temperature characteristi
16140
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metals. The electron-phonon scattering is weak and lead
only a 2 – 3 % change in the resistance over the range
300–4 K. At lower temperatures, the resistance starts to
crease. A negative magnetoresistance characterizes thi
gime indicating the formation of a 1D weakly localized sta
The extracted coherence lengths are long, and their temp
ture dependence indicates that the dominant depha
mechanism involves electron-electron scattering via a N
quist mechanism. A comparison of our results with the e
pectations of the Luttinger liquid and of the coherent ba
scattering~weak localization! models shows that only the
latter can account for all of the observed low-temperat
transport characteristics. The strong influence of boron
the electrical characteristics of the tube, and the similarity
the effects~i.e., electron trapping! produced by boron and by
structural defects in graphite, suggest that the puzz
p-type character of nanotubes may be due, at least in par
defects and foreign acceptor atoms.
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