RAPID COMMUNICATIONS

PHYSICAL REVIEW B, VOLUME 63, 161404&R)

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 nanotube®&NT'’s) are low-dimensional materials electron-electron collisions are found to dominate the deco-
with fascinating electrical properties. Single shell nanotubefierence mechanism. While a power law can fit the tempera-
can be metallic or semiconducting depending on their atomiture dependence of the conductance, a behavior suggestive of
arrangement. While there is a reasonably good agreemehtittinger liquid formation, coherent back-scattering effects
between the electronic structure determined by scanning turbetter account for the overall transport behavior.
neling spectroscopy and single-electron approximation-based The B-doped multiwalled carbon nanotubeéB-
calculations;~® low-temperature transport measurements ofMCWNT's) were produced by arc discharge between graph-
single-walled nanotubes reveal complex many-bodyite electrodes containing bordhThe content of boron in the
effects?~" Multiwalled nanotubes(MWCNT'’s) are even MWCNT is not very precisely known, but K-edge electron
more complex systems. In principle, the shells of a MWCNTenergy-loss spectra indicate a boron content of about 1%.
can have different chiralities. The incommensurate charactefhe nanotubes were purified using microfiltration and sus-
of the stacking of the different shells and momentum conserPended in 1,2-dichloroethane. This suspension is used to dis-
vation requirements lead to weak coupling between thderse the nanotubes on SiGubstrates bearing the 30 nm
shells of a MWCNT. As a result, the current at low bias andthick Ti/Au metal electrodes. The electrodes consist of 200
temperature in a bulk-contacted MWCNT flows only throughnm wide fingers separated by gaps of 250 nm. This setup
the outermost shefl.with respect to the transport mecha- allows us to perform both 2P and 4P resistance measure-
nism, some studies have concluded that transport ifnents on single B-MWCNTSs. The a23.3H2 probe volt-
MWCNT's is ballistic even at room temperatutgyhile oth- ~ age is kept belovkgT/e over the whole temperature range
ers concluded that the transport is Ohrific. (4.2 K to 300 K.

Here we present a study of the transport characteristics of Below we present electrical data on two representative
MWCNT’s. One important issue involves the role of defectsB-MWCNT’s. Their diameters are 27 nm and 17 nm for
on electrical transport. In particular, substitutional impuritiessamplesS1 andS2, respectively. The first important obser-
may influence transport through scattering and active dopingration is that the low bias conductances of the samples are
For this reason we use MWCNT’s substitutionally dopedsignificantly higher than expected. At room temperature,
with boron. We also examine the strength of electron-phonosampleSl hasG,p=174 uS andG,p=443 uS while S2
scattering and electron-electron scattering, and evaluate th@s G,p=222 uS and G,p=500 uS. Since a metallic
role of electron coherence and many-body effects on th@anotube shell does not have more than two bands crossing
low-temperature electrical behavior of MWCNT's. at the Fermi energyHg), the maximum conductance per

In our study we use four-prob@P) and 2P resistance and carbon shell expected at low bias iS=2(2e%h)
magneto-resistancéMR) measurements covering the tem- =155 uS. We have to conclude then that more than two
perature range from 300 to 4.2 K. We find evidence ofconduction channels contribute to the low bias conductance
boron-induced multi-mode conduction, and, to the best ofn the B-MWCNT'’s. Scanning tunneling microscop$TM)
our knowledge, for the first time in MWCNT's, a clear me- spectra of the B-MWCNT's on graphite show a lowering of
tallic region with linear temperature dependence is observethe Fermi level E¢) of the nanotube by<0.1 eV The
upon cooling. This is followed at lower temperature by theenergy state¢van Hove singularitigsof metallic nanotubes
formation of a disorder-induced, weakly localized statewith diameters D are separated bgy3/D, wherea, is the
(WL). Coherence lengths are extracted from the magneto=-C bond length0.141 nm), and vy, is the nearest-neighbor
resistance (MR) measurements, and weakly inelastic C-C interaction energy2.9 e\). Thus, we find for our
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FIG. 2. (a) Two-probe magnetoresistance f6i at different
FIG. 1. Top: Temperature dependence of the resist&¢E) temperatures in the magnetic field perpendicular to the tube axis,
normalized byR (300 K) for two multiwalled nanotubesSl (d (b) the phase coherence length extracted from the MR in perpen-
=27 nm) andX2 (d=17 nm). ForSl: R,p (300 K)=5.63 K}, dicular field (circles, and parallel fieldtriangles as a function of
and R,p (300 K)=2.23 K2, while for S2: Ryp (300 K) temperature. Lines are the fits to the Nyquist dephasing theory.
=45 K) and Ryp (300 K)=2.0 k2. Bottom: The low-
temperature resistance is fitted to one-dimensional weakfree pathL,=220-250 nm, i.e., similar to the spacing be-
localization theory. tween the electrodes. Since the average separation between B
atoms is estimated to be below 10 nm, the ldtgeindicates
samplesS1 andS2 that upon a 0.1 e¥ shift, at least 6 and  that substituti(_)nql .boron prodyces Iittle. scattergring in
4 channels can participate, respectively, in conduction. INMWCNT'’s. This is in accord with theoretical predictions
deed, this number of channels can account for most of thiat point defects in Ia{ge diameter tubes would lead to very
resistance measured at 300 K. Moreover, as in graphite, sulyt€ak back-scatterin:'® The relaxation timere_pp, IS esti-
stitutional boron may also enhance the coupling between thE'atéd to be about 0.4 ps at 300 K. This value is about 10
carbon shells of the MWCNT It is, therefore, possible that UMeS longer than the relaxation time in .copb%but about
more than one shell contributes to conduction even at low-0 times shorter than a similarly determined relaxation time
bias. in undoped SWCNT rope¥.The latter is also in agreement
Upon cooling, the B-MWCNT samples in Fig. 1 show an with aO real time study of energy re]axation in S'WCNT
initial linear decrease of both the 2P and 4P resistances dowiQPeS: The apparent faster relaxation in B-MWCNT's com-
to a crossover temperatuf&®. The linear decrease of the Paréd to SWCNT's is likely due to a stronger suppression of
tube resistance with decreasing temperature is characterisfi@ck-scattering in the strictly 1D SWCNT's, and the partici-
of metals, and has been ascribed to electron-phoeephy  Pation of sieveral modes in the B-MWCNT case. ,
scatteringt While this behavior has been observed in single- At T<T* the resistance starts to increase with decreasing
walled CNT(SWCNT) bundles'®to our knowledge it has tgmpgrature. To determine the origin of this behavior, we
not been seen in single MWCNT'’s or SWCNT's. The obser-first discuss the resullts of MR measurements over the same
vation of the metallic behavior in our experiments is due tol€Mperature range. Figuréa shows the MR of sampl&2
the reduced influence of the contact resistance in 4P and fjeasured at different temperatures with the magnetic field
2P measurements, along with the lowering of the Fermi leveP€rpendicular to the tube axsircles. A negative MR, i.e.,
by the boron doping. The linear slope of the resistance v& decrease iR with increasing field, is observed. Negative
temperature curvesiR/dT, is in the range of 0.30/K to MR is charactenstlc_ of a material in a V_VL_ state due t_o co-
0.5 /K in the different B-MWCNT's studied. herent back-scattering proces%é%zz.SThls is in accord with
The vibrational relaxation timer,_,, can be estimated the findings of Schonenberget al.
assuming the tube is a one-dimensiofidd) conductor with _The conductance change due to WL4 ‘;‘3” an 1D nanotube
a conductance = (2€%/h) (ve 7o pn)N/L, where vg is the with diameterD and lengthl is given by*

Fermi velocity? L is the electrode separation, ahtis the _ 06N/ 1 D2\-12
number of the participating conduction channels. First, by AG(B)= — (_2+ 2) , (1)
applying Matthiessen'’s rule we can extract the elastic mean AL L, 125
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where L, is the electron phase coherence length, &gnd 1.03

= (h/eB)'?is the magnetic lengtt., is determined by fit- . 1.00

ting the MR results to Eq1). An excellent fit to the experi- g

mental data using the 1D-WL theory is shown by the solid 1

lines in Fig. Za). (The 2D-WL theory does not give a good 3

fit.) The dominant dephasing mechanism can be determined =

by analyzing the temperature dependence of The coher- %0.90 .

ence lengths foS2 at different temperatures are plotted as
circles in Fig. 2b). The fit shows that thé , between 4 K
and 70 K can be described very well by, (nm) 0.84
=11141~3-66 (solid line). When the magnetic field is

parallel to the tube axis, the conductance change is given

by?* 255

Ne? (1 D\ 2 ~ 245

ACBI= |zt 2 @ 3 |
. , . > 235

The coherence lengths obtained from the fits of MR in a s
parallel magnetic field with Eq2) are plotted in Fig. &) as =
triangles. They can be described hy,(nm)=1132r-*3 225
—39 (dashed ling The two measurements of the coherence
lengths agree remarkably well with each other over the entire 215 — e
temperature range studied. The temperature dependence of -80 -40 0 40 80
the phase coherence length,(nm) =T~ 3, indicates that at Voltage (mV)

low temperatures dephasing is dominated by weakly inelastic FIG. 3. (a) Temperature dependence of the conductZBadd)

e_Iectr_on-eIec_tron interactions via _the Nyquist m.eChanisnhormalized byG (300 K) for S1 andS2. (b) Zero-bias anomaly
(i.e., interaction of one electron with the fluctuating fields (ZBA) seen ind1/dV vs V plots as a function of temperature. The
produced by all other electronas found in many other 1D ,5,0n-induced peak is indicated by the arrow.

and 2D system& 242 Completely analogous behavior was
observed in samplé&l, where thel , in the range ofT  obtained from MR data was used, and it was found that the
=4.2-30 K can be expressed aisq,(nm)=186II"l’3 contribution from the second term in E¢B), which de-
—226 in the perpendicular field and ag ,(nm) scribes large energy transfer éae collisions is negligible.
=1434T13—-82 in the parallel field. In recent work, the low-temperature dependence of the
Thus, this analysis shows that the coherence lengths amnductance of SWCNT’s has been discussed in terms of
quite long, and that there is an excellent agreement betwedruttinger liquid (LL) theory?~® A key manifestation of the
the data and the predictions of dephasing via Nyquist typ@resence of the LL state is the existence of a power-law
scattering over a wide temperature range up to about 70 Kdependence of the tunneling conductance on temperature:
ThelL, obtained here are larger than the tube circumferenc&x=T“. Bockrathet al. reported, to the best of our knowl-
but smaller than the tube length, and alsg>L at low T. edge, for the first time, LL behavior in SWCNT bundles in
This indicates that the MWCNT's act as 1D conductors withthe range of 8 to 300 K, and obtained valuesaoin the
respect to WL despite their large diameter. Under these comrange of 0.33 to 0.38for bulk coupling of the tube to the
ditions the MWCNT’s are in the weak-localization regime leads.® More recently, EggéP has suggested that the LL
where transport is diffusive. From the intercept of thevs  state can also be present in MWCNT'’s. He predicted that the
T curve, the value of the diffusion coefficienD a exponent of the outer shell would be reduced by the inter-
=0.5 n?s !, and the dephasing time~1 ps(at 4 K) are  action with the other metallic shells in the MWCNT. To test
obtained. the possibility of a LL-based interpretation of the low-
We now return to consider the low-temperature behaviotemperature behavior of our B-MWCNT'’s, we plot the con-
of the resistancgFig. 1). The theoretical expression for ductance ofS1 andS2 as a function ofl on a log-log scale
R(T) due to the first-order quantum correctionBat 0 fora  [Fig. 3(b)]. A good power-law fit is obtained at the lowest

1D-WL system can be expressed‘as temperatures, giving(2P) 5« T andG(4P) g« T?%3(T
below ~30 K) and G(2P)s*T%% (T below ~50 K).

R(T)— Ry e? . These measurements are not influenced by Coulomb block-
Ro = ,Trzﬁa-uLG'lL‘P(T)+4'91'8LT(T)]’ 3 ade as in the case of SWCNPsHowever, thea values

obtained are very low. Following Eggét thesea values
whereo is conductance of the 1D system per unit lengkh, imply screening by an unrealistically large number of metal-
is a screening factor, arldr= (hD/27kgT)*?is the thermal lic shells (N>15) in the MWCNT. Furthermore, Coulomb
length. The temperature dependence of the 2P and 4P resishibition of tunneling due to disorder-enhanced correlation
tances for bott1l andS2 tubes can be well described by Eq. also can give rise to a power-law temperature dependence of
(3), as shown by the solid lines in Fig. 1. In the fitting,(T) the conductanc?.
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d1/dV vsV curves[Fig. 3(b)] show a zero-bias anomaly. metals. The electron-phonon scattering is weak and leads to
Such an anomaly is usually considered as a manifestation @hly a 2—3 % change in the resistance over the range of
the LL state. However, disorder-enhanced electron correla300—4 K. At lower temperatures, the resistance starts to in-
tion can also give rise to a zero-bias anonfélfinally, we  crease. A negative magnetoresistance characterizes this re-
point out a weak peak ned&: in Fig. 3(b) (see arrolx. A gime indicating the formation of a 1D weakly localized state.
similar peak was observed in the STM spectra of B-dopedhe extracted coherence lengths are long, and their tempera-
MWCNT’s.'? From the temperature dependence of this peakure dependence indicates that the dominant dephasing
we can conclude that it originates from the free acceptomechanism involves electron-electron scattering via a Ny-
BC; local structure. quist mechanism. A comparison of our results with the ex-
From the above discussion it is clear that although somgectations of the Luttinger liquid and of the coherent back-
of our observations are suggestive of the formation of an LLscattering(weak localization models shows that only the
state, all of the observations can be interpreted in terms dhtter can account for all of the observed low-temperature
coherent back-scattering processes and the formation of teansport characteristics. The strong influence of boron on
weakly localized state at low temperatures. We note in parthe electrical characteristics of the tube, and the similarity of
ticular that currently there are no predictions on the behaviothe effectd(i.e., electron trappingproduced by boron and by
of a nanotube in the LL state in a magnetic field. structural defects in graphite, suggest that the puzzling
In conclusion, we have studied the importance of impu-p-type character of nanotubes may be due, at least in part, to
rity, phonon, and electron-electron scattering on the transpotefects and foreign acceptor atoms.
in B-doped MWCNT’s. B-doping affects transport by shift-
ing the Fermi level and thus changing the number of partici-
pating conduction channels without introducing strong back- The authors thank B. Ek for expert technical assistance
scattering. Upon cooling, the resistance of the tubes initiallyand they gratefully acknowledge P. G. Collins and S. Roche
shows a linear decrease with temperature characteristic dor helpful discussions.
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